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Abstract

Imitation and its neural basis has been the subject of great interest, particularly for
researchers interested in autism spectrum disorders (ASD). Research has reported
imitation deficits in ASD, which have been theoretically linked to the condition’s
sociocommunicative difficulties. Abnormalities in the mirror neuron system (MNS), as
measured using EEG techniques, have also been reported in autism, and linked to
imitation skills. In this thesis, | examine questions both around behavioural imitation
deficits, and the validity of EEG techniques used to investigate the MNS. | consider
whether children with other communication disorders show similar imitation deficits to
children with autism, examining verbal and motor imitation. | report data from non-
autistic children with and without language problems, and children with autism and
normal language (ANL) and children with autism and language-impairment (ALI). In
contrast to previous studies, | find similar verbal imitation performance in children with
ALLI and non-autistic language impaired children, but limited motor imitation
impairments in the disorder groups. | also examine the evidence from mu suppression
studies for the role of the MNS in language, social processes and the development of
ASD. | present findings from a preregistered study that show that methodological
factors such as baseline condition have important effects on mu suppression studies’
results, and question its validity as an MNS measure. | also examine how imitation
skills, self-reported communication abilities and autistic traits relate to individual
differences in mu suppression. | find limited support for the theory that mu suppression
correlated with behaviours and traits proposed to be underpinned by the MNS. | discuss
the implications of these two projects for future research and clinical interventions for

children with communication disorders.
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1: Introduction

CHAPTER ONE: Introduction

The study of imitation has spanned many diverse fields in psychology and
cognitive science. In typical development, imitation represents a key tool for children in
the acquisition of numerous skills, including language and understanding the behaviour
of others (Meltzoff, 1999; Tomasello, 1992). Imitation has also been studied in atypical
development, particularly in autism spectrum disorders (ASD)?, in which imitation
deficits have been viewed as a core feature, and may present a target for intervention
(Ingersoll & Lalonde, 2010; Rogers & Pennington, 1991; Williams, Whiten,
Suddendorf, & Perrett, 2001). Beyond child development, adult neuropsychological
models have been developed to suggest distinct routes for different types of imitation
(Rumiati et al., 2005). In recent years, the study of imitation has encompassed both
behaviour and neuroimaging, with increased interest in the brain systems that underlie
these skills, and how they may develop abnormally in autism (lacoboni, 2005; Williams

etal., 2001).

Across these fields, imitation has been linked, directly or indirectly, to language
and communication in a variety of theories. Rogers and Pennington (1991) proposed
that deficits in self-other mapping underlie both the imitation and broader
sociocommunicative difficulties in ASD. Recent investigations into interventions for
autism target imitation, in an attempt to improve the children’s social and

communicative symptoms (Ingersoll, 2010). In Tomasello’s (1992) account on the

! Throughout the thesis, the terms “autism” and “autism spectrum disorder” are used
interchangeably. This reflects the diagnostic label adopted in the DSM-V (American Psychiatric
Association., 2013), which replaces a range of previous diagnostic terms on the autism
spectrum, including autistic disorder, PDD-NOS, and Asperger's Syndrome (although for many
clinicians and families, these labels still retain much significance and utility), with “autism
spectrum disorder”.

15



1: Introduction

social bases for language development, imitation is a key process in children’s
acquisition of language, revealing an understanding of intentionality that scaffolds
children’s emerging communicative skills. Rizzolatti and Arbib (1998) suggest that
mirror neurons, the substrate proposed to underlie action understanding and imitation,
could be the biological level of explanation for the motor theory of speech perception
(Liberman & Mattingly, 1985). Indeed, they posit that early communication in our
ancestors may have depended on an imitation-based system — language thus evolved out
of imitation. Oberman and Ramachandran (2007) extend the notion that a mirror neuron
system (MNS) could underlie imitation and communication, arguing that a broken MNS
could account for many of the socio-communicative deficits in autism, including both
imitation and language difficulties. Others have challenged the notion that a deficit in
observation-execution matching, underpinned by the mirror neuron system, is the
reason for imitation difficulties in ASD (Leighton, Bird, Charman, & Heyes, 2008;
Southgate & Hamilton, 2008). Nevertheless, the study of mirror neuron systems has
been argued to be a key research need for other disorders of communication, not just

autism (Le Bel, Pineda, & Sharma, 2009).

Despite the diverse and extensive research that has been done on imitation, there
remain a number of gaps in our knowledge, for both imitation as a behaviour and its
neurological substrates, and both in typical and atypical populations. Indeed, while the
focus on imitation deficits in clinical groups has dominantly been on autism, other
groups of children also have weaknesses in imitation, including children with Specific
Language Impairment (SLI). While in autism, imitation research has centred on motor
imitation, in SLI much interest has been paid to these children’s verbal imitation skills,
in particular their ability to repeat nonsense words in nonword repetition tasks. Over the

last few years, researchers have used nonword repetition tasks as a means to explore
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1: Introduction

whether language problems in autism and SLI could have shared causal pathways, or
arise for separate aetiological reasons. There are outstanding questions about how these
two groups of children compare on verbal and motor imitation tasks, and whether
imitation deficits may represent a site of behavioural or cognitive overlap. Is the
imitation deficit specific to ASD, or is imitation a weakness in a broad range of
communicative disorders, including children with SLI? Could imitation problems
explain the nonword repetition deficits shown in some language subtypes in autism?
Examining imitation across a range of disorders of communication would allow the
relationship between imitation and language to be unpicked better, and could help

inform interventions for children with communication difficulties.

Behavioural imitation deficits in autism have been attributed to abnormalities in
the MNS (Oberman & Ramachandran, 2007; Williams et al., 2001). However, this
notion remains contentious. EEG studies have played a central role in the debate,
particularly investigations using an EEG phenomenon known as mu suppression. The
human EEG can be decomposed into a number of different frequency bands — mu is a
frequency band that has been associated with the activation of the motor cortex
(Kuhlman, 1978; Schoppenhorst & Brauer, 1980). Following studies showing that mu-
band activity can be altered both by participants' own movement and by observing the
actions of others, researchers have suggested that changes in mu might be capturing

changes in MNS activity (Muthukumaraswamy & Johnson, 2004).

If so, using mu suppression designs to investigate MNS activity would have a
number of advantages; EEG is better tolerated by participants with autism than other
imaging methods such as fMRI, and is comparably cheap and easy to administer.
Indeed, given its ease and affordability, it is unsurprising that researchers have already

used mu suppression designs to test a wide range of hypotheses about the role of the
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1: Introduction

MNS in language and social processes. Among these investigations, mu suppression has
been used to show abnormal MNS functioning in ASD, and it has been argued that
individual differences in mirror neuron functioning (as measured by mu suppression)
relate to individual differences in imitation (Bernier, Aaronson, & McPartland, 2013;
Bernier, Dawson, Webb, & Murias, 2007; Oberman et al., 2005). Mu suppression has
also been proposed as a target for neurofeedback therapy in autism. If mu suppression
could be used this way, it would satisfy the appetite for a biologically-based treatment
for autism that is not pharmacological. Other researchers have also called for mu
suppression investigations to be done with other communication disorder groups to
examine the role of mirroring systems in communication problems beyond autism (Le
Bel, Pineda, & Sharma, 2009), yet, as far as | am aware, no work has been undertaken

thus far.

Thus, mu suppression may appear to offer the opportunity to examine
neurophysiological questions about the systems thought to underlie imitation and
autism. However, the validity and reliability of mu suppression as a measure of the
human mirror neuron system is questionable. In particular, it is unclear to what extent
mu suppression may be confounded by attentional factors, and how certain

methodological decisions may make this confound even worse.

1.1 Structure of the thesis

This thesis touches on a number of questions associated with imitation and
autism, through two distinct and quite different projects, explored in the two parts of the
thesis. Part 1 considers behavioural imitation and the links to language in clinical
samples — children with autism and non-autistic children with language impairments.

Chapter 2 explores the current evidence for a relationship between imitation and
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1: Introduction

language, reviewing previous correlational evidence in typical and atypical
development, and considers whether the imitation deficit might not be specific to autism
but found in SLI as well. Cross-disorder comparisons of verbal and motor imitation are

examined in Chapters 3 and 4.

Part 2 examines the electrophysiological phenomenon of mu suppression which
has been argued to measure the activity of the mirror neuron system, and has been used
to evidence a “broken” MNS in autism. As explored in a review in Chapter 5, mu
suppression has been widely used in the study of mirror neuron involvement in
processes such as language and social understanding. However an examination of what
such studies have found proves rather discouraging, and there are consistent
methodological flaws in mu suppression studies. Mu suppression captured my interest
as a means to explore the underlying neurological causes of the imitation deficit in
autism, and potentially to consider as yet unexplored questions about mirroring systems
in non-autistic children who have communication impairments, such as children with
Specific Language Impairment (SLI). However, both early piloting and an extensive
review of the measure suggested some fundamental issues with mu suppression designs.
Instead of using this technique with clinical populations, a thorough methodological
study was conducted with typical adults. Chapter 6 contains the findings of a study
examining methodological issues with mu suppression. Chapter 7 extends this to
consider whether mu suppression relates to individual differences in autism traits,
communication skills and imitation skills, as would be predicted by previous theories

about the MNS and studies with clinical groups.

1.2 Brief overview of autism spectrum disorders and specific language impairment
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Rather than a traditional general literature review in the introductory chapter of
the thesis, two chapters (Chapters 2 and 5 respectively) contain in-depth reviews
specific to the behavioural links between motor imitation and language in typical and
atypical development, and mu suppression in the study of mirror neuron systems and
language and social processes. However, the original motivation for the thesis was to
better understand the relationships between ASD and SLI, and Part 1 is largely
concerned with these two conditions. Thus, a brief overview of both disorders is given

here.

First, it is useful to set current thinking about autism and SLI in the context of
broader ideas about the nature of many developmental disorders. In the fields of autism,
SLI and other developmental disorders research, there has been a gradual shift away
from considering these conditions as qualitatively different from typical development,
and arising from single cognitive deficits. Instead, it has been argued that SLI and ASD
represent extreme ends on a continuous spectrum, and arise due to a range of potential
and possibly co-occurring deficits (Bishop, 2006; Happé, Ronald, & Plomin, 2006).
This change in the behavioural work on these disorders has been paralleled by similarly
changing theories in genetics, which is moving away from searches for “the autism
gene”, and single-gene accounts of common developmental disorders, to accepting that
the genetic aetiology of these conditions likely arises from multiple genetic and
environmental effects (with potentially interactive and epistatic effects), which may also
be shared between conditions (Plomin & Kovas, 2005). Research into developmental
disorders generally — not just autism and SLI — is thus moving into a new era with
increased acceptance of the complexity of the causes of these conditions, and that
behaviourally defined conditions may in truth be made up of children with deficits

arising from diverse neurobiological underpinnings.

20



1: Introduction

1.2.1 Autism Spectrum Disorders

Autism Spectrum Disorders (ASD), or autism, is a condition in which a child
shows markedly poor social and communication skills, and restricted and repetitive
interests (American Psychiatric Association, 2013). It is a neurodevelopmental
condition with a strong genetic basis (Rutter & Thapar, 2014). Some genetic syndromes
are known to have a higher rate of ASD - for example, Fragile X Syndrome (Hatton &
Sideris, 2006) — however, in many cases of autism there is no known genetic origin, and
the exact genes that increase the risk of autism are still unclear. The prevalence of ASD
is thought to be around 1% (Baird et al., 2006), with increasing prevalence over the last
few decades thought to be largely due to changes in diagnostic criteria and increased
awareness of the condition (Gernsbacher, Dawson, & Goldsmith, 2005; Matson &
Kozlowski, 2011). It is considered to be a lifelong condition, but the prognosis of a
child diagnosed with autism is hugely varied. Many individuals on the spectrum also
have intellectual disability, but many others will have normal or excellent intellectual
functioning. Furthermore, while many autistic children do learn to speak — and may
even develop precocious language skills — many others remain nonverbal, or develop
only very limited language. In a study of 43 autistic participants, Sigman and McGovern
(2005) found that 49% of their sample had little to no functional language by
adolescence. In a similarly sized study, Kjelgaard and Tager-Flusberg (2001) found
only a quarter of their sample of autistic children had language skills within the normal
range for their age (and the authors note that their selection criteria may have biased
their sample towards children with at least some verbal abilities). Language level in
early childhood is predictive of later general social and cognitive functioning (Gillberg
& Steffenburg, 1987; Szatmari, Bryson, Boyle, Streiner, & Duku, 2003), and poor or

absent language is a source of concern for many parents of autistic children, even after a
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diagnosis has been made (Gray, 1994). Understanding language development and
difficulties, and what causes the large array of language outcomes in autism, remains an

important area of research.

Over the decades, there have been many suggested core deficits in autism,
including impaired theory of mind, weak central coherence, and executive dysfunction
(Baron-Cohen, Tager-Flusberg, & Cohen, 1994; Frith, 1989; Russell, 1997). More
recent theories about autism include abnormal levels of “neural noise” (e.g. Dinstein et
al., 2012), and abnormalities in the mirror neuron system (Williams et al., 2001).
However, classic cognitive theories of ASD have struggled to explain all the difficulties
associated with the condition, and autism’s vast heterogeneity. This has led some to call
for a move away from single-deficit explanations of autism, and embrace the notion that
the full behavioural and cognitive profile of autism may be underpinned by multiple co-

occurring deficits, each with their own genetic aetiology (Happé et al., 2006).

1.2.2 Structural language abilities in ASD

Investigations into language ability in ASD has been largely concerned with
“high functioning’? groups, while individuals with very poor language or intellectual
disability (ID) have been largely neglected by research (Boucher, Mayes, & Bigham,
2008). Furthermore, structural language in ASD has been little researched, despite

evidence that structural language is frequently if not always atypical in autism

2 The terms high functioning and low functioning (HFA and LFA) are widely used in the autism
literature and are referred to in this thesis. However, it is important to acknowledge that these
terms are problematic, and not necessarily welcomed by the autistic community. The definitions
of HFA and LFA are variable, with different researchers opting for different thresholds to divide
children or adult participants into these groups. Furthermore, “functioning” is usually defined
by how a participant scores on an 1Q test, but outside of research studies is often conflated with
severity of autistic symptoms. For further discussion about the problems of using the terms
“high functioning” and “low functioning”, see the insightful blogpost by Dawson (2010).
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(Boucher, 2012). Pragmatic problems (difficulties with the appropriate use of language
in context) are a defining feature of autism and common to all children on the autism
spectrum. Structural language describes other aspects of language, including grammar,
phonology and word learning. In her review of the evidence on structural language
abilities in ASD, Boucher (2012) proposes an ‘ASD-typical’ language profile, and that
differences between the language subtypes ALI (Autism with Language Impairment)
and ANL (Autism with Normal Language) are largely in severity, rather than the pattern
of strengths and weaknesses. Most prominent in this profile are weak comprehension
and semantic skills, and a general difficulty with the processing of meaning. Many
autistic children exhibiting poor language in the preschool years (including those whose
language problems appear to resolve later), show additional problems with phonology
and grammar, but articulatory and syntactic impairments tend to resolve, with a few
morphological errors remaining more persistent. It is comprehension, semantics and the
processing of meaning that is generally reliably and severely affected in persistent cases
of ALLI. In cases of ANL, when language is never delayed or catches up, Boucher (2012)
argues that language abilities are still uneven, showing the same relative strengths and
weaknesses as found in ALI: weaker comprehension compared to expression (though
even in expressive abilities there are some anomalies, with words and phrases
sometimes used idiosyncratically). Despite vocabulary performance within the normal
range, semantic processing is argued to exhibit some peculiarities, suggesting semantic

weaknesses milder but of a similar kind to those in ALI.

1.2.3 Specific Language Impairment

There is currently a lack of consensus around the strict definition, criteria and
terminology for Specific Language Impairment (SLI), and these matters are currently

the topic of much discussion in the field of childhood language disorders (Bishop,
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2014). Broadly, the term SLI describes a child in which there is a mismatch between
verbal and nonverbal skills, which cannot be attributed to a known physical or
environmental cause (including deafness, or cognitive impairments such as Down
Syndrome, or social deprivation). In effect, SLI can be thought of as a condition in
which a child displays poor language for no obvious reason. Like ASD, there is
evidence to suggest SLI is a heritable condition, though the rate of heritability depends

on how cases of SLI are defined and selected (Bishop & Hayiou-Thomas, 2008).

The nature of the language difficulties in SLI varies greatly, affecting expressive
abilities, receptive abilities or both, and children exhibiting one profile do not
necessarily retain it throughout development, meaning that a child’s most prominent
difficulties may change over time (Botting, 2007; Leonard, 2014). Children with SLI
can be difficult to understand, as they may have quite unintelligible speech, or word
finding problems (Nation, 2008). They may also have grammatical difficulties, omitting
certain morphemes when they talk (e.g. “She walk to school yesterday” instead of “She
walked to school yesterday”), and struggle to understand grammatically complex
sentences (Botting, 2007; Rice & Wexler, 1996). In general, most attention has been
paid to these children’s structural language problems, but children with SLI can also
show difficulties with the appropriate use of language, even when they seem able to

produce intelligible language (Nation, 2008).

SL1I is thought to affect roughly 7% of school-aged children (Tomblin et al.,
1997). Despite being more common than autism, SLI seems less well known by the
general public, and there is much less research funding for SLI than there is for ASD
(Bishop, 2010b). The prognosis of children with SLI is not well understood, with few
studies following children with SLI into adulthood. Studies that have investigated the

outcomes of adults who were considered to have SLI as children are discussed in
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Bishop (2014), and suggest that these populations are at higher risk of poor academic
and social outcomes. Some young children who exhibit language difficulties do appear
to catch up as they grow older (Bishop & Edmundson, 1987). However research has
highlighted that some of these may be cases of illusory recovery, and early language
problems can leave a lasting legacy on literacy and academic achievement (Stothard,

Snowling, Chipchase, & Kaplan, 1998).

Theoretical accounts attempting to explain the primary deficits in SLI can be
broadly divided into two groups — those that propose the underlying deficit in SLI is
specific to the domain of language, and those that suggest a domain-general deficit,
encompassing others areas of cognition as well. One influential domain-specific theory
was proposed by Rice, Wexler, and Cleave (1995), which argued that SLI arises due to
the delayed maturation of a modular system involved in grammatical development. In
this account (known as the ‘Extended Optional Infinitive’ theory), children with SLI do
not progress at the usual rate from a particular stage in linguistic development. This
theory draws support from the pattern of grammatical errors children with SLI

commonly make, particularly their difficulties with appropriately marking tense.

Domain-general theories include arguments that children with SLI have low-
level auditory processing difficulties, or an impairment in procedural learning (Tallal &
Piercy, 1973; Ullman & Pierpont, 2005). One theory that straddles the domain-
specific/domain-general divide is the notion that children with SLI have a deficit in
phonological short term memory (PSTM) (Gathercole & Baddeley, 1990). A deficit in
memory could arguably be considered to be a domain-general account, but the
proponents of this theory have argued that children show a limitation in phonological
memory specifically. Phonological short term memory, or the phonological loop, is a

component of memory thought to have a key role in language development. Baddeley,
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Gathercole, and Papagno (1998) argued that humans possess a specialised PSTM
system, evolved to facilitate language learning, and that poor PSTM limits children’s
vocabulary acquisition and development of syntax. Support for deficient PSTM in SLI
comes from experiments of nonword repetition, a task that children with SLI show

marked difficulties with.

Given the competing evidence for each of these different deficits, there have
been attempts to unite them into more parsimonious accounts. For instance, could
nonword repetition difficulties actually be a manifestation of a low-level auditory
processing problem (Bishop et al., 1999)? However, considering how different deficits
in SLI relate to one another has presented researchers with a more complex picture. In
one group of twins (including twin pairs with and without language impairment),
Bishop et al. (1999) noted that the language-impaired children showed deficits in both
auditory processing and phonological short term memory. Despite this, the correlation
between these two deficits was rather weak, and showed evidence for distinct causes —
nonword repetition performance showed strong heritability, while auditory processing
tasks did not. These findings seem difficult to square with a single-deficit account. Still,
incorporating a developmental perspective, Bishop et al. (1999) suggested that perhaps
children with SLI do have auditory processing difficulties initially, but that these may
resolve over time, leaving a lasting impact on children’s phonological short term

memory abilities, which continue to limit their language development.

In another experiment, Bishop, Adams, and Norbury (2006) examined the
evidence that grammatical deficits and phonological short term memory deficits share
their genetic aetiologies. In fact, while again the language-impaired children did show
deficits in both tasks, analysis of data acquired from twins suggested that their genetic

underpinnings were quite different. Again, these findings are difficult to reconcile with
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a single-deficit, or single-gene, approach. Instead, they can be interpreted within a
framework that considers SLI to arise due to multiple deficits, with different genetic
causes, that work together to increase the risk that a given child will exhibit language
difficulties. Such an account is fitting with observations that, by and large, children’s
language acquisition is remarkably robust. Bishop (2006) suggests that language
acquisition may be able to take multiple routes, and that children suffering one very
specific deficit may get by, showing limited impairments in their language. However,
when multiple impairments occur, possible alternative routes to successful language
acquisition are further limited, and language impairment is made more likely. This
account also fits with the notion that SLI is rarely caused by a single simple genetic

effect, but more likely due to a constellation of genetic risk factors.

1.2.3.1 How “specific” is SLI?

A common approach in developmental disorders research is to attempt to
exclude children who exhibit comorbid symptoms of other conditions. This “pure”
sample is considered to have more theoretical meaning. However, SLI exhibits a high
degree of comorbidity with other developmental disorders, such as dyslexia, dyspraxia
and ADHD (Catts, Adlof, Hogan, & Weismer, 2005; Gillberg, 2010) and it is unclear
how representative a sample of “pure” SLI cases is, given that clinically SLI rarely
appears without symptoms of other conditions. The point stretches beyond SL1I, and
indeed developmental disorders — it has been shown that screening for comorbid
conditions when researching psychopathology in general can have dramatic effects on
the results obtained (Newman, Moffitt, Caspi, & Silva, 1998). In the case of SLI
however, common comorbidities raise a larger nosological issue — the specificity of

language problems in SLI have arguably been considered this condition’s defining
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feature. Some have criticized the view that the difficulties in SLI are “specific” to

language, given the high prevalence of these additional problems in SLI (Hill, 2001).

Another difficulty in SLI research is whether there is a need to show that weaker
nonverbal skills could not account for language problems. That is, could a child with
poor language skills simply be considered to have global deficits in all domains, not just
language? Such a case would appear contrary to the very definition of SLI, but there is
debate about whether to be classified as SLI a child would need to demonstrate skills in
the normal range for their age, or to demonstrate a mismatch between verbal and
nonverbal skills. This discrepancy approach is sometimes referred to as ‘cognitive
referencing’. However, this notion is poorly supported by the evidence; Tomblin’s
(2008) longitudinal study found limited differences in language problems, academic and
social outcomes between cases of language impairment with and without nonverbal
cognitive difficulties. Furthermore, this stance runs contradictory to the view that
language and cognitive development are overlapping and dynamically integrated, and it
seems quite plausible that having a language impairment could impede certain aspects
of cognitive development. Indeed, a longitudinal study by Botting (2005) showed that
as children with SLI grew up, their intelligence appeared to fall. Of course, as children
get older and intelligence tests become suitably harder (in order to be appropriate for the
average child of a given age), not having sufficiently good language skills may limit a

child’s reasoning skills, even on seemingly nonverbal tasks.

1.2.3.2 Pragmatic Language Impairment

There exist a third group of children, who appear to present with relatively intact
structural language (unlike SLI), but very poor pragmatic language skills, while not

meeting the criteria for an ASD. These children have been described in several ways,
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9% ¢

including “semantic pragmatic disorder”, “pragmatic language impairment” (PLI), and
“social communication disorder”. These children may have expressive language that is
fluent, but the use of this language is abnormal; they are verbose, have problems
understanding and producing a connected discourse, and give conversational responses
that are socially inappropriate. The recent release of the DSM-V included a new
diagnostic label “Social Communication Disorder”, and PLI is forecast for inclusion in

the ICD-11.

PLI/SCD is not the focus of this thesis, but the existence of such a group of
children holds implications for how we consider the social communication problems in
SLI and ASD. Some have suggested that these cases might be thought of as being
intermediate between ASD and SLI (Bishop, 2000). The existence of children with PLI
would seem to suggest that pragmatic communication skills develop at least partially
independently from structural language skills and autism, per se. However, as discussed
by Bishop (2000), while some children with quite pure pragmatic deficits can be found,
many children with SLI do show pragmatic language problems, and there is a
correlation between pragmatic and structural language skills, which undermines a strong

dissociative account.

1.2.4 Why study ASD and SL1 together?

While text-book cases of ASD and SLI would be considered quite distinct,
evidence suggests the boundaries between them are not so clear. While language ability
is extremely diverse in autism, some children with ASD and poor language skills appear
to show comparable difficulties to children with SLI, including poor performance on
tasks regarded as clinical markers for SLI (Kjelgaard & Tager-Flusberg, 2001).

Conversely, despite a focus on children’s structural language abilities, some children
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with SLI show broader communication and social difficulties, and a significant minority
develop symptoms of autism spectrum disorder, or even meet the diagnostic criteria for
autism (Conti-Ramsden, Simkin, & Botting, 2006). While we may expect there will be a
small number of children who inherit risk genes for both autism and SLI by chance, and
thus manifest both disorders independently, it is clear this account cannot explain the
number of seemingly overlapping cases. Multiplying the prevalence rates of autism and
SL1I together, the prevalence rate of a combined presentation would be 0.07%, and
would thus be unlikely to have come to the research community’s notice. Indeed, family
studies and investigations into the genetic causes of either condition have also suggested
there may be shared genetic risk factors between SLI and ASD (Folstein & Rutter,
1977; Folstein et al., 1999; Le Couteur et al., 1996; Tomblin, Hafeman, & O’Brien,

2003 - but see Bishop, 2010 and Szatmari, Jones, & Tuff, 1993).

Research on the relationships between ASD and SLI could yield theoretical
insights, both for understanding these conditions in their own right, and for broader
theories about language and social development. Aside from these scientific gains,
evidence of similarity and difference between ASD and SLI also has important
applications for clinical and educational practices, in both diagnosis and provision for
these groups of children. Early language difficulties are often considered a “red flag” for
autism as well as SLI, and some have suggested that disentangling cases of autism and
cases of language difficulty in young children can be especially challenging, which is
problematic in light of a drive for even earlier diagnosis and intervention (Charman &
Baird, 2002). In fact, there is evidence that over the decades diagnostic substitution has
taken place — cases of language disorder diagnosed a few years ago would be more
likely to receive a diagnosis of ASD now (Bishop, Whitehouse, Watt, & Line, 2008).

The diagnostic label given to a child has non-negligible ramifications for the support
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that the child will receive; for example, in a report for the Department of Education,
Dockrell, Ricketts, Charman, and Lindsay (2010) noted that children with ASD were
more likely to receive additional resources than children with language impairment,
including in subjects such as English, in which children with language impairments
showed poorer attainment than children with autism. Accurate diagnosis, intervention
and information about likely prognosis is key to supporting these children during their
school years and beyond, and appreciating how these two disorders relate to each other

has an important role in this understanding.
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CHAPTER TWO: Motor imitation and language in typical and atypical
development

2.1 Introduction

Imitation, the copying of a behaviour demonstrated by a model, has long been a
topic of interest in developmental psychology; Piaget wrote about the development of
imitation sixty years ago (Piaget, 1951), and Meltzoff and Moore’s seminal work on
neonatal imitation is now thirty years old (Meltzoff & Moore, 1983). Imitation has been
linked, directly and indirectly, to language in multiple accounts. Tomasello (1992)
describes imitative learning as a key process in children’s acquisition of words and
grammar. Imitation features in the behavioural checklists of clinicians making a
diagnosis of autism spectrum disorder (ASD), a condition in which poor social and
communicative skills are arguably the most prominent deficits. Poor imitation in autism
has been argued to reflect problems with self-other mapping, which could lead to a
cascade of social and communicative deficits. These mapping problems have been
suggested to be the result of abnormalities in mirror neuron systems, which could
underpin both the social and language difficulties seen in ASD (Oberman &
Ramachandran, 2007; Rogers & Pennington, 1991). Therapies targeting imitation for
children with ASD are being investigated, in part based on the notion that imitation is
causally related to communicative development, and that increasing a child’s imitation
will have positive effects on their social and language development (Ingersoll &

Lalonde, 2010).

However, despite these links and despite several reports suggesting imitation to
be predictive of language development, there is yet no definitive model for how

imitation and language are related, in typical development or in developmental
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disorders. Indeed, few investigations have attempted to examine the mechanisms behind
this relationship directly. This chapter considered the association between motor
imitation and language — is there a special relationship between the two, and if so what

could underlie it?

2.1.1 The taxonomy of imitation and language

Imitation is not considered a unitary phenomenon, but has been subtyped in
many ways. Furthermore, it has also been suggested that language, and different aspects
of language, may be differentially related to different types of imitation (Stone, Ousley,
& Littleford, 1997). Considering the structure of both imitation and language is thus a

central issue to how the two are related.

Neuropsychological models of imitation have been developed out of work on
apraxia (Tessari, Canessa, Ukmar, & Rumiati, 2007; Tessari & Rumiati, 2004) and from
social psychology and imitation performance in autism (Hamilton, 2008). Both models
suggest that there are two routes by which imitation can operate - a direct and an
indirect route. The route by which imitation takes place depends on what is being
imitated. Meaningful or goal-oriented actions are served by the indirect route, in which
visual input activates the meaning or goal of the action, and this in turn then activates
the motor sequences involved in imitating it. Imitating meaningless actions or tasks
without goals is served by a direct connection between visual input and motor sequence
outputs. While these models have arisen largely from studies of adults, similar divisions
between meaningful and meaningless actions have been made in the developmental
literature. For example, the direct route has been argued to be selectively impaired in
autism, and previous reports have suggested that body imitation (likely the direct route)
is more strongly related to language skills than object-based imitation (likely the

indirect route) (Hamilton, 2013; Stone, Ousley, & Littleford, 1997).
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Furthermore, when considering how imitation relates to language, it is important
to recognise that “language” encompasses a wide range of skills. Language is often
separated into sub-categories, such as structural versus pragmatic, or expressive versus
receptive. Structural language skills include phonology, syntax and vocabulary, while
pragmatic skills refer to the individual’s use of appropriate use of language in context.
These sub-categories can also be described as expressive (being able to share one’s
thoughts, ideas and feelings) or receptive (understanding what others are saying).
Speech is not the same as language; speech is related to the articulation and fluency of
words expressed, and it is possible for an individual with a speech difficulty to have

intact language skills.
2.1.2 Using clinical populations to understand imitation and language

Studies of typically-developing children provide some useful information,
however they may be limited when it comes to distinguishing between certain theories,
as most skills tend to be intercorrelated in normal development. Clinical groups where
skills become dissociated can allow investigation into what skills go together (see
Bishop & Norbury, 2005). Indeed, groups of children with different communication and
language difficulties arguably provide a natural means to examine the relationships
between imitation and different aspects of language. These conditions include children
with autism spectrum disorders (ASD) and children with Specific Language Impairment

(SLI).

A large proportion of the research that has been conducted on imitation in
developmental populations has been on children with autism, and imitation is known to
be an area of deficit (see a recent meta analysis by Edwards, 2014). Older studies of
ASD focused on low-functioning or very young children, where language is not well-
developed. However, language skills are considerably variable in autism, with some
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children displaying good and even precocious structural language skills. In fact, some
have argued that language subtypes exist within autism, with some showing structural
language difficulties comparable to those seen in SLI (Kjelgaard & Tager-Flusberg,
2001). Previous reviews of imitation in autism bewailed the lack of studies that had
controlled for language level (Smith & Bryson, 1994), but since then much more work
on imitation in autism has been undertaken, including studies that had control groups
with comparable verbal 1Q. It would seem of considerable interest whether these
children also have spared skills in at least some aspects of imitation, and given that
imitation has been shown to predict language skills in autism, we may expect to see
differences between groups of autistic children with different language levels (Stone &
Yoder, 2001). Is the imitation deficit evident throughout the autistic spectrum, including

children with poor and good language?

As well as children with ASD, children with other communication difficulties
could shed light on the relationships between imitation and language, including children
with SLI. As described in Chapter 1, SLI is a condition in which a child fails to develop
appropriate language skills, despite adequate opportunity, and no apparent hearing loss
or cognitive impairment that could account for poor language. While pragmatic
problems are usually the focus in ASD, children with SL1 are usually considered to have
spared wider socio-communicative skills but poor structural language. Imitation deficits
are certainly not considered typical of SLI as they are in ASD, but preserved or
impaired imitative skills in this population may point to which aspects of language
imitation is most strongly linked to. It could be that imitation relates more to pragmatic
than structural language development. If so, we may predict that imitation may be
affected in all cases of ASD (as all children with ASD show pragmatic deficits

regardless of structural language ability), but that there will be spared imitation skills in
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SLI. If imitation is more strongly related to structural language problems, imitation in
SLI can be expected to be affected, and imitation problems in autism will pattern with

the language status of the children.

2.2 Reported correlations between language and imitation in typical and atypical

development

Correlational studies seem particularly pertinent to the question of how strongly
imitation and language are related, and whether certain subtypes of language or
imitation show special relationships. For studies examining correlations between
imitation and language, forest plots of effect sizes and confidence intervals were
created, and are shown in Figures 2.1 and 2.2. Summary tables describing these studies
in brief are included in the Appendices A and B. These plots and tables include data on
children who are typically developing, and children with an ASD (few correlational
studies were found for language-impaired children — these are discussed later).

For studies of typically developing children, 13 studies that were found that
reported correlations. Sample sizes ranged from just 12 to over 42,000 participants.
Similarly, 13 studies were found that examined the relationship between language and
imitation in autism spectrum disorders, and sample sizes ranged from 12 to 164. There
were two studies that do not feature in the forest plots as their statistical methods were
not comparable to the other studies. This includes a study by Vivanti et al. (2008)
(N=13, for the typically developing group), who found that in their analyses that
language level contributed to imitation performance of meaningless gestures in their
typically developing 11-year-olds, but found no significant correlation between
imitation of meaningful object-based actions or non-meaningful gestures and language
level in their autistic sample (N=17). Freitag et al. (2006) found pragmatic language

skills to be unrelated to imitation in ASD (N=15) and also considered these associations
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2: Motor imitation and language

for their typical control group (N=29). Overall, few convincing correlations emerged,

and none would survive Bonferroni corrections.

Of the studies with typically developing groups, five (Bates, Thal, Whitesell,
Fenson, & Oakes, 1989; Freitag, Kleser, von Gontard, & von Gontardf, 2006; Slaughter
& McConnell, 2003; Strid, Heimann, & Tjus, 2013; Strid, Tjus, Smith, Meltzoff, &
Heimann, 2006) found no significant correlations between imitation and language on
any measures. For studies of children with ASD, four found no correlations (Freitag et
al., 2006; Rogers, Hepburn, Stackhouse, & Wehner, 2003; Strid et al., 2013; Vivanti,
Nadig, Ozonoff, & Rogers, 2008). The others reported small to moderate correlations

with at least one language measure.

Evidence from across the lifespan appears quite lacking, and the focus of study
in this field has been early in development. The majority of these studies were
conducted with quite young children and toddlers, and where correlations were
available for older typical children, they were primarily controls for participants with
SLI or ASD, suggesting limited study of imitation in later typical development in its
own right. In investigations with autistic children, the samples are slightly older than in
many of the studies with typically developing children — this is likely due to the age at

which autism can be reliably diagnosed.

It is difficult to see any methodological factor that can readily explain variations
in findings between studies. It has been argued that there are stronger relationships
between imitation (in particular body imitation) and vocabulary or expressive abilities
than with comprehension (Charman, Baron-Cohen, et al., 2000; Stone & Yoder, 2001).
However, many studies only tested vocabulary, making it difficult to tell whether there

are differential relationships between imitation and different components of language.
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2: Motor imitation and language

Nonetheless, in many studies with separate measures for expressive and receptive
language no systematic pairing between expressive abilities and imitation is usually
observed (e.g. Bates et al., 1989; Vukovic, Vukovic, & Stojanovik, 2010; Zambrana,

Ystrom, Schjolberg, & Pons, 2013).

Considering the pattern of results for samples of typical developing children, it
does seem that concurrent studies partialled for age rarely yield significant results —
longitudinal correlations however seem more robust, even when partialled. This would
seem to suggest that early imitation skills are indeed correlated with later language.
However, the partialled concurrent correlations shown on the forest plot represents data
drawn from just 2 studies, and these were of infants aged 8 to 15 months, an age at
which language skills were probably only just emerging in these children. This could
reduce the variance of language skills in these young populations, potentially limiting

the degree to which correlations can even be observed.

Only three studies (Brookman, McDonald, McDonald, & Bishop, 2013;
Vukovic et al., 2010; Wray, Norbury, & Alcock, 2015) were found that tested the
association between imitation and language in language impaired children, and two of
these studies’ correlations are actually drawn from across the whole sample of
language-impaired and typical controls (Brookman et al., 2013; Wray et al., 2015). Two
studies report positive correlations between imitation and language (Brookman et al.,
2013; Vukovic et al., 2010). While primarily an investigation of children’s gesture,
Wray et al (2015) used a hand imitation task as a measure of motor ability, and
performance on this task was not found to correlate with receptive or expressive
language abilities (or gesture). However, as noted by the authors, the language-impaired
sample did not score in the impaired range on language assessment — potentially this

sample did not have sufficient language impairment for clear imitation problems to
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2: Motor imitation and language

manifest (though the variance reported for the hand imitation task would suggest
sufficient variation for a correlation to arise). Other studies were found that reported
poor imitation in language impaired children compared to typically developing groups
(Dohmen, Chiat, & Roy, 2013; Marton, 2009), but these studies did not look for

correlations between these abilities.

Overall, the correlational studies between imitation and language, both for
typically developing children and children with communication disorders, suggest that
an association between imitation and language is commonly observed. However, the
strength of this relationship is difficult to ascertain, given that many of these studies
used small sample sizes, leading to very wide confidence intervals (the studies with the
tightest confidence intervals represent those that used questionnaire-based methods,
which naturally allow researchers to collect much larger samples). No obvious
patterning between specific imitation tasks or language skills emerges, but as a number
of studies measured only certain types of imitation or language skills the evidence to

draw upon to is restricted.

The reason for the association between imitation and language was not the focus
of direct study in many of these studies, and hence ideas expressed about what drives
this correlation are speculative. Nonetheless, despite these limitations, it is still possible
to explore several theories for the mechanisms that link imitation and language, drawing
both on these correlational investigations but also wider evidence and theories from
related fields of study. Five different theories linking imitation and language are
explored in the rest of this chapter. The first theory considers a simple causal link
between imitation and language — that perhaps imitation is the means by which we
develop language. The second theory is that imitation and language are related only

through very domain-general factors, such as 1Q or developmental level. The final three
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2: Motor imitation and language

theories consider specific points of cognitive overlap that could explain the association
between imitation and language. For each theory, evidence from typical development

and children with communication difficulties is considered.

2.3 Is language dependent upon imitation?

First of all, could there be a simple, direct causative link between imitation and
language? An extreme theory relating these two skills is that language is learned
through imitation, and so language is totally dependent upon it. Children who are good
imitators (assuming that verbal and nonverbal imitation are highly related) therefore
develop better language skills. This perspective harks back to old behaviorist ideas
about language, penned by Skinner (1957), and hotly rejected by Chomsky (1959).
Imitative learning is a key process in the account given by Tomasello (1992) on the
social basis of language development. This account would also arguably predict that the
relationship between language and imitation will change across the lifespan; the two
skills will likely show the closest relationship early in development, but that this
association may peter out as language becomes more developed, and children perhaps

stop relying on imitation as a dominant means to acquire new language.

Considering groups of children who have very limited motor skill allows us to
consider how much language development is dependent upon imitation. Overall, the
literature suggests that the notion that language development is totally dependent upon
imitation can quickly be rejected; explicit imitation is evidently not required, because
children who have severe motor impairments and who cannot imitate at all can still
learn to comprehend language. Investigations of groups of children with cerebral palsy
who are unable to speak, or find speaking very difficult, have highlighted that being

able to articulate speech sounds is not a prerequisite for all areas of language
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development (Bishop & Robson, 1989). Similarly, children with spinal muscular
atrophy have been found to have precocious language skills, despite their motor
impairments (Bénony & Bénony, 2005; Sieratzki & Woll, 2002). These findings
suggest that a simplistic, direct link between imitation (or motor skills generally) and

language cannot be right.

These ideas are discussed by Bishop (1998), which argues that, provided
children have unimpaired hearing and intelligence, children who cannot physically
produce speech can still learn to communicate very well. Arguably, considering again
Tomasello’s (1992) account, despite their motor impairments these children may still
have intact intention understanding, a skill that is crucial to Tomasello’s argument,
more so than imitation. Indeed, Tomasello notes that it is impaired intention reading that
may underlie children with autism’s often abnormal language development; a child with
autism may parrot what they hear around them (in fact echolalia is quite commonly
observed in ASD), but without intersubjective participation and without an
understanding of intention. Such mimicking is argued not to support full and proper

language development.

Furthermore, this account would seem to depend on the notion that verbal and
motor imitation are highly related to one another, and that a general imitation factor
underlies them both, linking motor imitation to language. However, evidence suggests
that verbal and gestural imitation are not that well inter-related (Rodgon & Kurdek,
1977). What would be ideal is evidence that motor and verbal imitation both predict
language development, but that the predictive power of motor imitation and that of
verbal imitation are independent, or that verbal imitation mediates the correlation
between motor imitation and language skills — as yet, it is unclear to what extent verbal

and motor imitation are strongly related.
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In sum, motor imitation appears neither necessary nor sufficient to underpin
language development, and as motor imitation and verbal imitation are not necessarily
strongly related, a direct model in which imitation underlies language development does

not seem adequate to explain the association between these skills.

2.4 Do general developmental factors mediate the relationship between imitation and

language?

Another key question is how far the correlation between imitation and language
may be simply due to a general maturational factor (‘'developmental level’), just as foot
size and language will be correlated in developing samples. Both imitation and language
rely on general skills, such as memory and attention, which affect most cognitive
processes. They may both be proxies for general developmental level, or intelligence -
imitation may be a predictor of general intelligence in a preverbal infant, and language
may be a good indicator of intelligence once the child learns to speak. If we assume that
intelligence is stable (i.e. infants who had good cognitive ability grow up to be children
with good cognitive ability), then we would expect imitation and language to correlate.
Thus, it may be that both abilities, like almost all other skills in development, improve
with age and maturation, and there is nothing particularly special about the imitation

and language relationship.

For the correlational studies on typically developing children, only one was
found that partialled out 1Q (and previous language ability) (Charman et al., 2000), but
the relationship between imitation and language remained significant. This does suggest
that the association between imitation and language is not just part of a general factor
reflecting intellectual development. Indeed, imitation problems in SLI would also seem
to run counter to the notion that language and imitation are linked through some general
development factor. A diagnosis of SLI requires that children’s nonverbal 1Q skills be
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within the normal range, and strict definitions of SLI would aim to rule out intellectual
problems. Arguably then, imitation problems in these groups of children would seem to
provide evidence that imitation deficits can arise in children without general cognitive
difficulties. However, this point must be tempered by the fact that evidence suggests
that in reality some nonverbal weaknesses do typically accompany language problems

in SLI (Botting, 2005).

In studies of children with autism, partialling out or statistically controlling for
intelligence, age and general developmental factors goes some way to reducing the
association between imitation and language, potentially to the point of insignificance
(Ingersoll & Meyer, 2011b; Rogers, Hepburn, Stackhouse, & Wehner, 2003).
Nonetheless, given that a strong relationship between imitation and intelligence has not
always been demonstrated, it is unlikely the association between imitation and language
is only a reflection of general ability. Imitation deficits appear throughout the autistic
spectrum, even in individuals with normal to high 1Q, and imitation has not always been
found to correlate with intelligence (Vanvuchelen, Roeyers, & De Weerdt, 2007;
Williams, Whiten, Suddendorf, & Perrett, 2001). Indeed, it may be that for some
children a general cognitive problem will limit their imitation ability, but for children
with normal to high intelligence who still demonstrate poor imitation ability other
factors must be at play. Vanvuchelen et al. (2011) found that for children with autism
and low 1Q, imitation ability was in line with their mental age, but imitation problems
were apparent in children with an 1Q above 80, and children with an 1Q above 100
showed imitation ability that was significantly below their nonverbal mental ages. This
pattern of results suggests that adequate cognitive ability is certainly necessary for
imitation, but even once children with autism have sufficient general cognitive skills,

some other deficit becomes the limiting factor. These findings also raise implications
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for studies examining only “low functioning” or “high functioning” groups of children —
findings from selective groups will not necessarily generate conclusions that can be

generalised across the autistic population.

Of course, it is important to note that we cannot assume the direction of
causality between intelligence and imitation. Imitation also represents an important
learning tool, and it could be that reduced imitation results in fewer skills and abilities,
including lower 1Q scores. By statistically controlling for IQ, we may actually “control
away” the very skill we are interested in (Rogers & Williams, 2006). Longitudinal data
may help to disentangle the correlations between imitation and development. Indeed,
social communication behaviours in infancy have been found to predict both
communication skills and intellectual functioning in childhood (Poon, Watson,
Baranek, & Poe, 2012). This makes sense when one considers that social learning and
social experiences gate many learning opportunities for children, and suggests that
imitation has long term predictions for not only language but also more general

cognitive functioning.

2.5 Do representational skills mediate the relationship between language and

imitation?

Considering even the seemingly relatively straightforward model of general
factors mediating imitation and language highlights a number of gaps in our knowledge.
Nonetheless, a simple model linking imitation and language through very general
developmental factors cannot account for the full pattern of results. Potential specific
cognitive skills that could provide a site of overlap between imitation and language
should therefore be considered. The first candidate proposed is symbolic or

representational skills.
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The emergence of deferred and facial imitation in particular have been suggested
to mark a transition in infant development, away from being largely dependent upon
sensorimotor domains and towards a representational cognitive system (Piaget, 1951).
These higher-level imitations were linked by Piaget to the emergence of an infant’s first
words, and to symbolic play. Later evidence indicated that infants are capable of
representational thought much earlier than Piaget previously suggested (Meltzoff &
Moore, 2002), but symbolic representation may still be a key prerequisite for language
development, and has been considered the link between children’s gesture and speech
(Bates et al., 1989), and recent studies on language and imitation still appeal to this
framework (e.g. Zambrana, Ystrom, Schjolberg, & Pons, 2013). In the literature on
imitation in autism, it has been argued that tasks that do not involve objects, or tasks in
which objects must be used in an unconventional way (i.e. as a symbol for another
object), are particularly impaired (Hamilton, 2008; Smith & Bryson, 1994). This may
lend some credence to the idea that representation is a more primary deficit than
imitation, and that representation problems might account for imitation deficits as well

as difficulties with theory of mind tasks (see Leslie, 1987; Baron-Cohen 1988).

This account would predict particular imitation tasks should correlate with
language, especially if the imitation task is symbolic (such as pantomime tasks, or
gestures with meaning), but this pattern has not been demonstrated (Vivanti et al.,
2008). Given that deferred imitation is supposed to tap higher level representational
skills than immediate imitation, one plausible hypothesis is that deferred imitation
should show a stronger correlation to language than immediate imitation. Very few
empirical studies have explored the relationship between deferred imitation and
language (let alone compared immediate and deferred imitation as correlates). While

one study on children with autism did find that deferred imitation was predictive of
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language development (Toth, Munson, Meltzoff, & Dawson, 2006), other studies have
found weak correlations between deferred imitation and language (Strid et al., 2013,
2006). As noted by Rogers, Young, Cook, Giolzetti, and Ozonoff (2008), deferred
Imitation has received much less research interest than immediate imitation in autism,
though their own study suggested no difference in the performance of deferred and
Immediate imitation in young children with autism. No articles were found that had
investigated deferred imitation in SLI (this is no doubt because deferred imitation is a
method suitable for quite young children, and therefore it is unlikely that children young
enough to be meaningfully tested with deferred imitation would have received a

diagnosis of language impairment).

Overall, at present there is limited evidence for symbolic skills having a large
role in mediating the relationship between language and imitation, although there were

few studies to draw upon.
2.6 Do motor skills mediate the relationship between imitation and language?

Motor skills may also be a key mediator between language and imitation skills.
Language production requires good control over the articulators, and success on typical
imitation tasks relies on good motor control over the hands, arms and face. Furthermore,
motor difficulties have been proposed to underlie the imitation deficits in autism
(Vanvuchelen et al., 2007), motor impairments have been found in children with speech
and language impairment (Hill, 2001), and twin studies have highlighted that genes

affecting communication development also affect motor development (Bishop, 2002).

A motor account would predict associations between imitation and motor ability
(and imitation and articulation skills in particular) — in typical development, this

patterning has not always been found (Vivanti et al., 2008; Vukovic et al., 2010).
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However, the findings from studies with autistic participants have suggested a key role
for motor skills — particularly praxis problems — in the imitation deficit in ASD. Praxis
tasks include imitating gestures, but also performing gestures to verbal command and
tool use. Difficulties with praxis are not inherently the same as basic motor problems.
As pointed out by several authors, while in adult neuropsychological models the term
“dyspraxia” really describes individuals who show impaired skilled motor performance
despite normal motor dexterity, this is not always the case in developmental studies
(Dziuk et al., 2007; Mostofsky et al., 2006). Imitation problems have been the focus in
autism, but reports highlight broader motor and praxis problems (Dewey, Cantell, &
Crawford, 2007; Dziuk et al., 2007; Green et al., 2009; Leighton, Bird, Charman, &
Heyes, 2008; Mostofsky et al., 2006), and strong correlations between imitation and
motor skills in studies of children with ASD have been reported (Luyster, Kadlec,
Carter, & Tager-Flusberg, 2008; Vanvuchelen et al., 2007; Vanvuchelen, Roeyers, &
De Weerdt, 2011).

The difficulties autistic individuals show with praxis tasks extend beyond basic
motor problems, and children with autism show imitation deficits even compared to
groups of children with dyspraxia (Dewey et al., 2007; Dziuk et al., 2007). Praxis
problems that include and extend beyond imitation problems suggest a broad difficulty
with action representation and execution. Praxis difficulties have also been shown to
correlated with autism symptomatology, leading some to suggest these impairments
may be core to the disorder (Dziuk et al., 2007). Recently it has been speculated that
even the suggested dysfunctions in the mirror neuron system in autism could have a root
in poor planning and representation of individuals’ own actions, not just a problem
mapping others to the self (Fabbri-Destro, Cattaneo, Boria, & Rizzolatti, 2009). This

account would suggest that the difficulties autistic individuals have with imitating (and
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indeed understanding) others arises from lacking good representations for actions in

themselves.

Could a primary deficit in action representation also explain the relationship
between imitation and language? The potential role for language in the praxis deficits
demonstrated by their sample is discussed briefly by Dewey et al. (2007), but otherwise
work on the praxis deficits in autism has not considered relationships to language skill.
Given that praxis deficits have been associated with greater autism symptomatology
(Dziuk et al., 2007), it may be that poorer language skills would be seen in children with
the worst praxis, on account of having the most severe autism. Alternatively, given that
accounts arguing for the role of the mirror neuron system in language have drawn upon
the motor theory of speech perception, perhaps the notion of a deficit in action
representation could be broadened to include poor representation of articulatory
gestures. This would seem problematic however, as weak representations of articulatory
gestures would be expected to manifest in poor articulation — but articulation is
commonly considered a relative strength in language in autism (Kjelgaard & Tager-

Flusberg, 2001).

Motor deficits have also been found in children with SLI, and appear to be a
common co-occurrence in children with language problems (Hill, 2001). Studies that
have found imitation deficits in SLI have also noted deficits in motor coordination, and
motor coordination has been found to predict children with SLI’s imitation performance
(Marton, 2009; Vukovic et al., 2010). However, imitation deficits in language-impaired
groups have been found even when compared to children who did not differ from the

clinical group in terms of motor skills (Dohmen et al., 2013).
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In sum, while motor skills likely play an important role in the observed imitation
problems, in both ASD and SLI, problems with imitation (or praxis more broadly) seem
to extend beyond basic motor problems, in autism at least. Examining the mediating
role of motor abilities in the relationship between language and imitation will require a
distinction between basic motor and praxis skills. Indeed, doing so may lead us to
reframe the relationship between imitation and language to one of praxis, or action
representation and language. Including broader praxis batteries (such as those used by
Dewey et al., 2007, Dziuk et al., 2007, and Mostofsky et al., 2006) would allow for
better understanding of whether language and imitation show a special relationship, or if

language is actually related to skilled actions and action representation in general.

2.7 Does social engagement mediate the relationship between imitation and

language?

Alternatively, social engagement may be the link between a child’s imitation
and language abilities. Socially engaged children imitate more, and are rated by their
parents as having better conversational skills (Farrant, Maybery, & Fletcher, 2010).
Dohmen et al. (2013) suggested that imitation difficulties in children with language
delay were indicative of a problem connecting socio-emotionally with the model.
Children with autism are characterised by difficulties with social engagement and
demonstrate abnormalities in orienting to social stimuli (Hobson & Lee, 1998; Riby,
Brown, Jones, & Hanley, 2012). Social motivation problems in ASD have been
proposed as a primary deficit, and feasibly imitation difficulties or reduced imitation
may be a consequence or symptom of reduced social engagement (Chevallier, Kohls,
Troiani, Brodkin, & Schultz, 2012). Poor social engagement may also have negative
consequences for an autistic child’s language development through reduced joint

attention, and indeed joint attention is predictive of both language and imitation in
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children with autism (Charman et al., 2000; Pickard & Ingersoll, 2014; Toth et al.,
2006).

Very few studies have directly examined the effects of social engagement on
imitation, in typical or atypical samples. However, in a recent review, Etten and Carver
(2015) examined the potential importance of social engagement in the imitation deficits
in ASD, highlighting that while few studies have empirically tested the role of social
motivation in imitation deficits, motivation could explain the pattern of imitation
difficulties typically reported in ASD. For example, copying instrumental actions better
than meaningless gestures, or failing to copy the style of the actor, could both be
interpreted as a lack of motivation to engage and connect with the model (intriguingly
this is a very similar interpretation to that of Dohmen et al. (2013) in their study of

toddlers with speech and language delay).

The potential role of social engagement on imitation skills and language
development raises some important points about how imitation tasks are commonly
administered and scored. The performance of a child on an imitation task is not only
about how well they imitate, but also whether they choose to imitate. Vivanti (2014)
notes that propensity to imitate and accuracy of imitation are not the same thing, and
propensity to imitate (how often does the child choose to engage in imitative behaviour)
may be more related to social motivation than accuracy is. This calls into question the
tradition of imitation tasks being primarily elicited imitation in experimental settings,

marked on accuracy.

Considering the idea that social motivation could be an important factor in
autistic imitation deficits, how does this square with findings of reduced imitation
accuracy in older sample of children with autism? It could be argued that this account

would predict reduced spontaneous imitation and increased refusals, rather than less
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accurate performance. Deficits in intrinsic motivation may be more likely to affect
younger, less cognitively able participants than older and more cognitively able
participants. In imitation experiments with older “high-functioning” autistic

participants, is there really evidence that these participants are less motivated?

In fact, having older participants happy and willing to do imitation tasks but
performing them badly is not in disagreement with early deficits in social motivation.
Potentially, a deficit in social motivation early in life may alter the trajectory of a child’s
imitation development. Indeed, recent proposals for the development of mirroring
(mirroring here really pertaining to the neural phenomenon rather than behavioural
mirroring) have taken a neuroconstructivist approach, arguing that early experiences
interact with an experience-expectant system, leading to the specialisation of certain
regions to support mirroring (Quadrelli & Turati, 2015). (This account has many
parallels with the development of specialised face areas in the visual system, and
perceptual narrowing in early language development.) An early deficit that interferes
with this process (such as a deficit in motivation that reduces the appropriate input to a
developing mirroring system) could arguably prevent the proper development of these
mirroring systems. Thus, even if later on in development a child is willing and
motivated to do an imitation task, this disruption could leave lasting effects on the
systems underlying imitation, limiting the ability to accurately imitate. The notion that a
primary deficit in social motivation could underpin the abnormal development of mirror
neuron systems and imitation in autism is also in keeping with other, more generalist
accounts of mirror neuron development, such as the associative sequence learning
theory (see Heyes, 2016 for an associative sequence learning account of imitation). In

autism, a motivational deficit may prevent the developing system receiving the usual

54



2: Motor imitation and language

input enjoyed by typically developing children, and thus imitation fails to be established

in the normal way (Heyes, 2001).

At present, there is tentative support for the notion that the amount of
spontaneous imitation has associations with language development. Laakso et al. (1999)
found that typically developing children’s spontaneous imitation of mothers’ object
directed actions predicted language production longitudinally. Farrant et al. (2010)
found that parental reports of imitation were correlated with reports of conversational
skills, in two separate samples of typically developing children. Their analyses suggest
that imitation mediates the relationship between social engagement and language, the
opposite of the usual account, in which social engagement mediates between imitation
and language. Possibly, more socially engaged children are more imitative, and children
who imitate more invite more linguistic input from their caregivers, particularly
linguistic input that relates to what the child is doing or seeing (“Are you cleaning like
Mummy? Are you wearing a hat like Dadda?”). In studies of children with autism,
behaviours associated with social engagement do seem to predict both imitation and
language. For example, one study examined whether joint attention skills predicted
language and imitation skills - high-level joint attention initiations were found to predict
both, while low-level initiations did not (Pickard & Ingersoll, 2014). The authors
suggest that these findings fit with the social motivation hypothesis of ASD, as high-
level initiations are more reflective of social motivation than low-level initiations.

Considering this account, if social skills or social motivation provide the link
between imitation and language, why do children with SLI show evidence of imitation
difficulties, as these children are not traditionally considered to have the social deficits
seen in ASD? While children with SLI have demonstrated reduced theory of mind

abilities, problems with emotion recognition, and difficulties making and retaining
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friends, language impairment could be reasoned to underlie all of these issues (Taylor,
Maybery, & Whitehouse, 2012). However, it has been debated to what the extent
difficulties these children experience socially can be directly put down to their limited
language skills (Marton, Abramoff, & Rosenzweig, 2005). An alternative hypothesis
could be that children with SLI actually have subtle social problems, independent of
their language issues. Indeed, many imitation tasks would seem to have limited
language demands, and could provide a window into these additional social problems,
without the confounding effects of language difficulty. Furthermore, if one reflects on
the predictions outlined earlier by the combined social motivation and
neuroconstructivist accounts, the observed pattern of refusals by children with language
delay in Dohmen et al. (2013) would suggest the development of mirroring systems in
these children could be set down an abnormal trajectory, regardless of what causes these

refusals in the first place.

In sum, despite limited work examining the role of social engagement and social
skills in imitation and language directly, this account offers a promising framework for

the interpretation of current data, and for future research questions.

2.8 Imitation and language in the brain — the mirror neuron system

The above theories take a cognitive approach to the link between imitation and
language. An alternative view is that there are no real shared cognitive aspects of
imitation and language, but imitation and language may have overlapping or adjacent
neural substrates. Certainly there is evidence for anatomical links between imitation,
gesture, motor skills and language. Both gesture and language seem to be supported
largely by the left hemisphere. Left hemisphere damage is associated with apraxia and

aphasia more so than right hemisphere damage (Renzi, Motti, & Nichelli, 1980).
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Participants with unusual cerebral lateralisation for language show the same pattern of
lateralisation for gesture understanding (Krdliczak, Piper, & Frey, 2011).

Undoubtedly researchers’ ongoing fascination with mirror neurons, and broader
mirroring systems, continues to fuel interest into imitation. Mirror neurons, discovered
originally in the macaque, were originally proposed to underlie action understanding,
but the role of the mirror neuron system has expanded to encompass numerous higher
level social and communicative processes, including speech and language (Gallese,
2008; Oberman & Ramachandran, 2007; Rizzolatti & Arbib, 1998; Rizzolatti et al.,
1988). Mirror neurons have been explicitly linked to the motor theory of speech
perception — the notion that speech sounds are perceived by listeners mapping the
sounds they hear onto the motoric gestures used to produce sounds themselves
(Liberman & Mattingly, 1985). In fact, mirror neurons have not just been suggested to
underpin the perception of speech sounds, but also language comprehension - these
systems may allow for an “embodied” view of language (Fischer & Zwaan, 2008;
Gallese, 2008). Furthermore, a dysfunction in the MNS has been suggested to underlie
some of the core features of ASD, including both language problems and imitation
(Oberman & Ramachandran, 2007). Research using transcranial magnetic stimulation
also suggests Broca’s area, traditionally considered a speech area, may also have a role
in imitation (Heiser, lacoboni, Maeda, Marcus, & Mazziotta, 2003). Further discussion
about the theories linking the mirror neuron system to language processes is in Chapter

5.

Investigating such hypotheses is more suited to neuroimaging methods than the
behavioural studies reviewed here. However some predications can be made about what
we expect from the behavioural data, if this theory were true. It could be predicted that

if imitation and language occupy neighbouring regions of the brain, but are not
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cognitively overlapping, then little association should be observed in typical
development beyond the effects of general brain maturation. Close links may be
observed in cases of neurodevelopmental disorders, in which the brain does not develop
typically, and in cases of brain damage. Certainly some researchers have suggested that
in ASD or SLI imitation and language show different correlations than typical controls
(Vukovic et al., 2010). Furthermore, if imitation and language were tightly coupled in
the brain, we might also expect to see patterns of association — when a given disorder
shows a deficit in one skill, the other will be poor as well. Double dissociations on the
other hand would not be expected (however, see Bishop (1997) for a discussion on
some of the issues of dissociation in developmental disorders).

2.9 Challenges for the field of imitation and language

There are several potential lines of enquiry for future research into the mechanisms
linking imitation and language development - however, a number of issues that will
need to be addressed were also noted in the literature, largely relating to how imitation

is operationalised.

The first issue relates to how much of the association between imitation and
language can be accounted for by broad developmental factors, such as age and 1Q. As
noted earlier, imitation does not always correlate strongly with intelligence, and so it
seems unlikely that these maturational factors can explain the whole story. Nonetheless,
while many developmental studies use standardised measures of language (which mean
that the effects of age on differences between individual children’s language skills are
controlled for), standardised imitation batteries do not exist, and therefore measures of
imitation do not take into account the potential effects of age. Where studies have
recruited participants from a narrow age range, this is less problematic, but the

confounding effects of age and development are amplified in studies with very wide age
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ranges. Also, in early development even age ranges of a few months can leave a study
open to the confounding effects of age, as young children show steep developmental
trajectories in their early years. Some of the correlational studies had very wide age
ranges in their participants, which can make studies more prone to the effects of general

development.

The development of normed tests for children’s imitation would be an extremely
useful tool for future work in this area. Indeed, a related issue is the lack of study of
imitation in typical development in its own right. Understanding how imitation
normally develops, and how it usually relates to language and other areas of
development, is key if we are to understand how to interpret the imitation deficits in
atypical groups. The recent development of the PIPS (Preschool Imitation and Praxis
Scale) is an excellent step forward in this area, although this scale does not currently

extend up to school-age children (Vanvuchelen et al., 2011).

Another difficulty in evaluating the role of motor skills in imitation is that many
motor measures involve imitation to some extent — the experimenter may demonstrate a
motor task and then the participant will perform it. Disentangling the relationship
between motor and imitation skills will require selection of motor tests and batteries that
are not confounded by reliance on imitation. This point is particularly pertinent to the
motor theory, but it is interesting to note that while researchers have suggested a role for
social engagement and representational skills in imitation, imitation itself has also been
used as a measure of these things; deferred imitation is used as a measure of children’s
mnemonic abilities, and imitation is often included in scales of young children’s social
development. Arguably, imitation’s diverse usage as a developmental research tool is

testament to the number of sub-skills it clearly depends upon.
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Furthermore, as discussed previously, historically the study of imitation and how it
relates to other skills has largely been concerned with the accuracy of a child’s elicited
imitation performance. Theories such the social motivation hypothesis would seem to
suggest that the amount of spontaneous imitation is also extremely important, and poses

a challenge to the ways imitation tasks are currently administered and measured.

Finally, a very pervasive issue in developmental research on imitation is the field’s
broad definition of the concept. While most would agree that imitation refers to cases
where an individual copies the behaviour of a model, cases where the behaviour of two
individuals match are not necessarily imitation. For example, Tomasello (1996) outlines
the process of stimulus or local enhancement - seeing a model act with a particular
location or object in the environment guides another’s attention to these locations or
objects, and on attending to these locations or objects the observer may interact with
them. This would lead to matching behaviour between the model and the observer, but
strict definitions of imitation would not call this “true” imitation. As noted by Sevlever
and Gillis (2010), copied behaviour in a child does not necessarily imply that the child
is capable of imitation, and while comparative psychology has prised apart true
imitation from low level copying, human imitation research has rarely made this
distinction (and the imitation deficits in autism are not usually scrutinised at this level).
In the majority of studies considered in this review, the operationalisation of imitation
could really be argued to refer to broad behaviour matching, not “true” imitation as
defined above. It is worth considering how far the proposed relationship between
imitation and language really reflects a relationship between broader behaviour
matching and language.

2.10 Imitation deficits outside of the autism spectrum
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Studying children with communication difficulties could provide a means to
tease apart some of the potential nuances of the relationship between these language and
imitation. This review specifically considered the literature from two atypical groups —
children with ASD (who have very heterogeneous language outcomes) and children
with SLI. The evidence from investigations of children with ASD or SLI was selected
because while both these groups of children have communication difficulties, arguably
the proposed deficits are quite different. However, rather than imitation difficulties
patterning with particular communication impairments, imitation problems are seen in
all groups, including children with selective structural or pragmatic language problems,
and children with both. This leaves a puzzle; if imitation was largely related to
pragmatic language skills, or broader nonverbal communication skills, why are
imitation deficits seen in SLI, children for whom these skills are supposed to be
relatively intact? Equally, if imitation is related to structural language skills, why do we
see imitation deficits across the spectrum, not just in children with autism and impaired
language skills? This would seem to raise the possibility that imitation and language are
related at their broadest levels. Alternatively, perhaps imitation is quite vulnerable in
development, though if so we would expect to see imitation difficulties in a range of
developmental conditions — comparisons between ASD and a wide variety of other
developmentally disordered groups have suggested imitation difficulties to be relatively

specific (e.g. Dewey et al., 2007, Rogers et al., 2003).

It could be that using SLI and ASD with and without language difficulties as a
means to contrast structural versus broader pragmatic language problems is problematic
because in reality the boundaries between these two groups of children is not clear cut.
While historically distinct groups, it has been proposed that these two conditions may

share some cognitive deficits or genetic risk factors (Tager-Flusberg & Joseph, 2003).
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However, others have argued that similarity between ASD and SLI may be relatively
superficial, rather than stemming from a shared aetiology (Bishop, 2010). More detailed
characterization of the imitation difficulties in children with language difficulties and
comparisons with children with ASD could assist in understanding the relationship

between these two conditions further.

Specifically, based on emerging evidence that children with SLI face continued
social difficulties, it may be that shared imitation difficulties in these groups reflect
some overlapping social abnormalities. A number of children diagnosed with SLI later
meet the criteria for an autism spectrum disorder (Conti-Ramsden, Simkin, & Botting,
2006), and some children with SLI also show deficits in nonverbal communication and
social cognition (Bishop, Chan, Adams, Hartley, & Weir, 2000; Marton et al., 2005).
Traditionally, the social difficulties in SLI have not been considered central to the
disorder, but instead social problems are usually considered secondary to structural
language problems. However, it has also been argued that these difficulties are not
simply a result of language problems but represent an additional and independent deficit
(Marton et al., 2005). Potentially, the difficulties with imitation in SLI could be related

to elevated levels of autism symptomatology and social difficulties.

Alternatively, imitation deficits are in keeping with previous reports of common
comorbid motor weaknesses in these children (Hill, 2001). However, this same theory
has also been investigated in ASD, and several reports have highlighted that basic motor
difficulties cannot account for the full picture — thus, we should be careful not to write
off imitation impairments in SLI as simply a manifestation of motor problems.

Working memory has also been a focus of investigation in SLI (e.g. Archibald &
Gathercole, 2006), particularly phonological working memory, assessed using nonword

repetition tasks. Complex imitation can be expected to place demands on working
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memory, as the imitator has to remember the model’s actions well enough to copy them.
While Broca’s area has been considered a site underpinning imitation, gesture and
language, it also has been suggested to underpin subvocal rehearsal (Baddeley, 2003),
so perhaps even the neural overlap between imitation and language could be in part
explained by working memory. Indeed, working memory has been linked to imitation
deficits in schizophrenia (Matthews, Gold, Sekuler, & Park, 2013). The hypothesis that
working memory deficits may underlie imitation difficulties in SLI was tested by
Marton (2009), but it was not found to contribute significantly to language-impaired
children’s imitation. However, nonverbal 1Q and working memory were highly related,
so the correlation between imitation and working memory was essentially partialled out
when the authors controlled for nonverbal 1Q. Motor imitation in SLI has still received
very little research, but considering these children’s working memory abilities as a
potential factor in their imitation skills could yield interesting results in future work,
particularly given the extent to which working memory has been investigated in these

children’s verbal imitation skills.

Given the evidence considered here, examining imitation abilities in other
groups with interesting communication profiles could help further our understanding of
the relationship between imitation and language. Specifically, children with Social
Communication Disorder (SCD) or Pragmatic Language Impairment (PLI) demonstrate
difficulty with the pragmatics, but do not meet criteria for autism spectrum conditions.
Comparing imitation in SCD and ASD would seem to allow a means to investigate
whether imitation difficulties relate to autism symptomatology or more specifically
social-communicative deficits. Another group that would be interesting to consider
would be children with Williams Syndrome (WS). Children with WS are usually

regarded as having very good language skills, considering their delays in many other
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aspects of development, and have very high levels of social interest (hypersociability),
although their social skills are still abnormal (Laws & Bishop, 2004). Children with WS
exhibit uneven language profiles, with relatively good concrete vocabulary but poor
referential language, grammar and pragmatics (Mervis & Velleman, 2011), and
therefore the study of imitation skills in relation to language in WS could be particularly
interesting. Furthermore, given theories that imitation problems in autism may have a
root in social motivation deficits, examining imitation in WS could yield interesting
results, as these children could be argued to have abnormally high levels of social

motivation.

2.11 Summary

In sum, associations between imitation and language have been consistently
documented, but as yet there is little definitive evidence for the mechanisms that link
imitation and language. Few studies have attempted to directly examine what
mechanisms link imitation and language. Nonetheless, from reviewing the literature
there are several lines of enquiry that can be pursued, and also several issues that will
need to be addressed, pertaining especially to the measurement of imitation. Currently,
it seems that very general factors are insufficient to explain the association between
these abilities, and there are likely shared cognitive aspects between the two skills.
Considering children’s praxis and social abilities seem like promising lines of enquiry.
Imitation difficulties are not exclusive to ASD, but have been documented in children
with other forms of communication impairment. While indisputably imitation deficits in
autism are theoretically interesting and have the potential for being clinically useful,
considering the deficit as unique to autism maybe problematic for fully understanding
the deficit both in autistic populations and in other populations. For children with SLI,

poor imitation could be providing vital evidence about other underlying difficulties. Our
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knowledge about imitation and language currently is lacking, both for typically
developing children, and children for whom imitation has been proposed to be a viable
target for intervention. There are many fruitful avenues for future research on imitation
and language, both for uncovering the mechanisms behind this association, and for
better understanding populations for whom imitation and language present difficulties.
There has been limited direct comparison of motor imitation skills in autism and SLI to
date, though current evidence suggests that this may be an area of overlap between the
conditions. Understanding the links between language and imitation may be enhanced
by comparing these groups. In subsequent Chapters 3 and 4, | report a cross-disorder
comparison of verbal and motor imitation skills in autistic and non-autistic language-

impaired children.

65



2: Motor imitation and language

66



3: Nonword repetition in ASD and LI

CHAPTER THREE: Nonword Repetition in Autism Spectrum Disorders and

Language Impaired Children

3.1 Introduction

As described in Chapters 1 and 2, Autism Spectrum Disorders (ASD) and Specific
Language Impairment (SLI) could be conceived as two very different conditions.
Broadly, “SLI” describes the problems of a child when there is a mismatch between
verbal and nonverbal skills, a discrepancy which cannot be attributed to a known
physical or environmental cause. In effect, SLI can be thought of as condition in which
a child displays poor language for no obvious reason. Previously, children with SLI had
been thought to be particularly impaired in the structural aspects of language
(phonology, morphology, and syntax), but to be otherwise normally developing
communicators, with intact nonverbal communication skills. ASD, or autism, is a
condition in which a child shows markedly poor social and communication skills, and
restricted and repetitive interests. The language prognosis of a child diagnosed with
autism is hugely varied; many are nonverbal, or have very limited language (Sigman &
McGovern, 2005). While the emphasis in SLI research has traditionally been focused on
these children’s structural language problems, children with ASD are seen to be
particularly impaired on the pragmatic aspects of language, and to have pervasive

communication problems, beyond structural language difficulties.

Until the latest publication of the DSM-V, one of the exclusionary criteria when
diagnosing SLI was the presence of an autism spectrum disorder, making clinical
comorbidity technically impossible (American Psychiatric Associaiton, 1994).
However, three broad lines of evidence suggest there are similarities between ASD and

SLI. Firstly, it has been argued that some children with an ASD exhibit language
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difficulties very similar to those with SLI (Kjelgaard & Tager-Flusberg, 2001).
Secondly, children diagnosed originally with SLI sometimes go on to display features of
autism, especially social and pragmatic difficulties (Conti-Ramsden, Simkin, & Botting,
2006; Leyfer, Tager-Flusberg, Dowd, Tomblin, & Folstein, 2008). Finally, family
studies have suggested that there is a higher incidence of language problems in relatives
of autistic probands, and a higher incidence of autism in relatives of language-impaired
probands, which would suggest there are shared genetic risk factors for these disorders
(Folstein & Rutter, 1977; Folstein et al., 1999; Le Couteur et al., 1996; Tomblin,

Hafeman, & O’Brien, 2003 - but see Bishop, 2010 and Szatmari, Jones, & Tuff, 1993).

3.1.1 Nonword repetition performance in SLI and ASD - the phenomimicry account

Of particular importance in the debate about the relationship between SLI and
ASD have been examinations of these children’s performances on nonword repetition
tasks. Nonword repetition tasks simply involve a child listening to a nonsense word and
repeating it back immediately to the experimenter. These tasks have been widely used in
the study of SLI, and are considered to be clinical markers for the condition (Bishop,
North, & Donlan, 1996). Typically developing children show decreased performance on
nonword repetition tasks as words become longer, but word length has a particularly
strong effect on the performance of children with SLI. This has been taken as evidence
for poor phonological short term memory (PSTM) abilities in these children, a deficit
that could provide a causal account for children’s language impairments (Gathercole &

Baddeley, 1990).

Previous reports argued that children with autism and language impairment
(ALI) also performed poorly on nonword repetition tasks, fuelling theories that a

genetic subtype of autism related to SLI exists (Kjelgaard & Tager-Flusberg, 2001).
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However, closer examination of nonword repetition performance has suggested that
while both ALI and SLI1 do indeed show poor nonword repetition performance, the
underlying causes of these difficulties may be quite different. Whitehouse, Barry, and
Bishop (2008) examined nonword repetition in ALI and SLI, and found children with
SLI exhibited a stronger length effect than children with ALI, a finding later replicated
by Riches, Loucas, Baird, Charman, and Simonoff (2011). Specifically, both these
studies found an interaction between group (ALI and SLI) and word length, and when
qualifying this interaction found the groups performed the same at words of two and
three syllables in length, showed a trend towards different performance at four syllable
words, and showed significantly different performance when repeating five syllable

words.

ALLI children have thus shown comparatively flat nonword repetition
performance compared to children with SLI — the increasing length of the nonwords
appears to affect them less. This has led to the suggestion that perhaps while repetition
deficits in SLI are dependent on poor PSTM, this is not the case for ASD. Indeed,
Williams, Payne and Marshall (2012) point out that short term memory is meant to be a
relative strength in ASD. Echolalia, and the repetition of phrases that children do not
understand, could be essentially conceived as nonword repetition. Poor PSTM is not in
keeping with these commonly observed behaviours in ASD. Williams et al. (2012)
conducted the first study of nonword repetition in ALI and SLI to include a group of
typically developing controls matched to the disorder groups for verbal mental age. The
ALI group showed no more of a deficit in nonword repetition than this younger control

group; they did not differ on overall nonword repetition accuracy, the task’s relation to
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children’s other memory abilities, effects of consonant clusters or length3. Given the
similarity of the ALI and verbal age matched controls, Williams et al. (2012) argue that
the language impaired children with ASD are developmentally delayed, but not deviant,
in their nonword repetition performance. Children with SLI on the other hand are

indeed deviant, showing deficits compared to the verbal mental age matched children.

Together, these findings support a phenomimicry account of the relationship
between SLI and ASD. This account argues that the two disorders may show superficial
similarities in their language abilities, but that language problems arise in these two
groups of children for very different reasons (Bishop, 2010). The investigations into
nonword repetition have suggested that while children with ALI do indeed exhibit poor
nonword repetition, the pattern of these children’s errors lacks the strong length effect
shown by children with language difficulties (Riches et al., 2011; Whitehouse et al.,
2008.However, stronger length effects were observed for the ALI group in Williams et
al., 2012). This has been taken as evidence that the nonword repetition difficulties — and

thus language difficulties — in autism have a different aetiology to those in SLI.

The source of nonword repetition difficulties in ALl is still unclear. Williams et
al. (2012) argue that these difficulties in autism are quite straightforwardly related to
language delay (thought they provide limited suggestion for what the primary cause of
the language delay is in autism). Others have suggested that the flat performance in ALI
could be due to broad imitation problems, attentional difficulties, or autism severity

(Whitehouse et al., 2008). All of these hypotheses would be aided by comparing

3 Although these authors only examined performance for three- and four-syllable words, they
still found a significant length by group interaction. However, length was found to affect the
performance of the SLI group less than the ALI and typical control groups, the opposite to what
previous investigations found. This was argued to be due to the poor performance of SLI even
when words were only three-syllables long.
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children with ALI and children with autism and normal language (ANL). If nonword
repetition performance is appropriate for children’s language level, then children with
ANL should not be expected to show different patterns of nonword repetition compared
to typically developing children. Neither Riches et al. (2011) nor Williams et al. (2012)
included an ANL group, and Whitehouse et al. (2008) do not examine the error patterns
of their children with ANL, compared to children with SLI or ALI (and even if they had
done, they had no typically developing controls to compare the performance of the ANL
group to, meaning it would not have been possible to examine whether the nonword
repetition abilities of the ANL group were normal). An investigation into language
skills in relatives of ALI, ANL and SLI did find that ALI and SLI probands show
nonword repetition deficits comparative to an ANL group, but no analysis is presented
of the effects of word length (Lindgren, Folstein, Tomblin, & Tager—Flusberg, 2009)
(and as language-impairment was in some cases classified by individuals showing
nonword repetition deficits, these differences could arguably be due to the somewhat

circular analyses).

Only one recent study of nonword repetition in autism and SLI has included an
ANL comparison group. Hill, van Santen, Gorman, Langhorst, & Fombonne (2015)
considered nonword repetition, and the verbal and nonverbal memory skills in their
groups. Intriguingly, they found that the largest differences between the ALI and SLI
groups were at the shortest word lengths, rather than the longer lengths found in
previous studies. The authors argued that these differences supported the notion that the
deficits in these two groups had separate aetiologies. However, compared to the ANL
group, both children with SLI and ALI exhibited verbal memory difficulties (as
assessed by digit span tests and narrative memory tests), and verbal memory difficulties

were argued to play a role in the language impairments of the ALI group. Given that
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verbal memory difficulties are usually used to explain the nonword repetition problems
(and indeed language problems) in SLI, finding comparable memory difficulties in ALI
does not fit well with the notion that ALI and SLI do not share verbal memory
problems, and these verbal memory problems could not similarly underlie NWR

problems in ALI.

While useful in understanding how nonword repetition patterns with language
difficulties in autism, the paper by Hill et al. (2015) does not include a group of
typically developing children, which limits the conclusions that can be made about
whether children with autism and normal or good language show any abnormalities in
their nonword repetition abilities. A useful comparison would be to have four groups,
representing children with language problems but without autism, language problems
and autism, autism and normal language skills, and children without autism or language

problems.

3.1.2 Nonword repetition and social motivation

Another factor that could underpin poor but flat nonword repetition in ASD is a
lack of motivation to engage in such a social game, or a difficulty or unease with social
stimuli. This could lead to reduced performance, regardless of word length. Intriguingly,
for typically developing children it may be that increasing the socialness of verbal
imitation tasks improves performance - the manual of the much-used Children’s Test of
Nonword Repetition (CNRep) advises against live administered nonword repetition
tasks (rather than using a pre-recorded tape), because this may inflate children’s
performance (Gathercole, Willis, Baddeley, & Emslie, 1994). This effect has been
presumed to be because of acoustic differences between live and recorded performance

(during live administration the mouth of the examiner is covered up, to prevent extra
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visual cues boosting nonword repetition performance), however it is possible that better
performance is a result of social factors related to live interaction. Indeed, theories about
early word learning suggest that social interaction has a critical role in gating language
development (Kuhl, 2007). These theories pertain to language development in infancy,
but it is possible that social interaction continues to have important effects later
childhood. A live social partner may be more engaging, boosting attention and

motivation, and therefore performance.

While social interaction may confer benefits to language learning and other
aspects of development in typical children, these benefits may be lacking in ASD. The
social motivation hypothesis outlined by Chevallier, Kohls, Troiani, Brodkin, and
Schultz (2012) suggests that an underlying difference in how motivated children with
autism are to attend and respond to social stimuli could underpin the social difficulties
seen in the condition. This account cites evidence of reduced attention to speech sounds
(but not non-speech sounds), selective social anhedonia, and reduced audience effects
on the behaviour of ASD individuals. All of these observations would seem relevant
social factors that could influence children’s performances on nonword repetition tasks,

and could explain reduced performance in autism.

3.1.3 Aims of the current project

Given the centrality of nonword repetition in the SLI literature, understanding
nonword repetition deficits in autism better could inform our understanding of language
problems in either condition. The primary aim of this project was to replicate findings
that children with ALI show a different pattern of errors in verbal imitation tasks to
children with SLI. As well as replicating previous work on nonword repetition, it was

hoped that this project could illuminate some of the underlying causes of nonword
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repetition difficulties in ALI. The project aimed to compare children with autism and
language problems and those with normal language for their age, and consider how
nonword repetition patterns with language in ASD. Unlike previous studies, four groups
of children were included — ALI and ANL, non-autistic language-impaired children, and

a group of non-autistic children with normal language.

A further aim of this project was to examine children’s performance in different
versions of nonword repetition tasks, manipulating the amount of social engagement
required. Demonstrating such effects would highlight that autistic children’s difficulties
with this task are not to do with phonological working memory problems, but more to
do with broad motivational or attentional factors. Several potential predictions could
rationally be made about the effects of manipulating social task demands. Firstly, it may
be that while typically developing children benefit from increasing social interaction,
children with autism would show no difference between a social and non-social
nonword repetition game. Alternatively, perhaps a discomfort with social interaction in
some children with autism could be detrimental to nonword repetition performance; it
could be expected that nonword repetition tasks that require further attention to social
stimuli — such as a live social partner — should further compound these children’s
difficulties with nonword repetition. For children with language impairment, it was
predicted that these children would show similar effects to typically developing
children, given that these children are not broadly considered to have the social attention

and motivation difficulties considered of ASD.

3.2 Method

3.2.1 Data collection
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There were three primary methods of data collection. In the majority of cases,
data was collected by visiting the children at school, during school hours. For a few
children, data was collected at home, during holidays or weekends. For a proportion of
the typically developing children, data was collected during visits from families to the
laboratory, during the half term holidays as part of an activity week organised the at
Oxford University’s Experimental Psychology Department, “Oxford Science
Adventures”. Much of the recruitment was done by distributing information to
mainstream and specialist schools. Interested families sent back their contact details to
the researcher, and after a telephone interview with parents to ensure the children were
suitable for the study and to arrange obtaining written proof of informed consent,
children were visited at school or home to conduct the behavioural tasks. For children
who were recruited through a half term activity week, the week was advertised through
email through parent mail lists, and University child care emailing lists. Flyers were
also distributed at local schools and social groups. Families signed up for a morning or
afternoon session of activities at the department, including developmental psychology

experiments, and neuroscience themed crafts and games.

3.2.2 Participants

Children aged between 6 and 12 years were recruited for the study. A total of
115 children were seen. Six children were excluded at the testing stage; two children
with ASD and two with LI were excluded due to noncompliance, and two further
children with LI were seen, but excluded as these children were very globally impaired
and could not do the majority of the tasks. This then left 59 typically developing (TD)
children, 22 L1, 22 ASD. Five children (4 TDs and 1 ASD) did not complete all of the
nonword repetition tasks, and are therefore not included in the analyses (however, these

children are included in a later chapter of this thesis examining motor imitation skills).
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To be considered “language impaired” children had to demonstrate a score of
less than 1.5 standard deviations (SD) below the average norm for their age on at least 2
of the language tasks. This equates to a t-score of 35 or lower, or a scaled score of 6 or
lower. The language tasks included sentence repetition, vocabulary, or concepts and
directions subtests (see Section 3.4.3 Procedure and Task Battery for details of the
tasks). The CNRep was not included as a means to classify the children, as nonword
repetition was one of the study’s dependent variables so group classification based on
this measure would be circular. As a large number of the language-impaired children
showed evidence of nonverbal cognitive weakness (nine had t-scores of 35 or lower on

the nonverbal skill task), this group is referred to as the “LI” group rather than the “SLI”

group.

With these thresholds, of the original 22 children grouped as “language
impaired” at the recruitment stage of the study, eight did not show sufficient language
difficulties to meet these criteria. However, three children who entered the study as part
of the typically developing control group did show these deficits. For these three
children, the descriptions given by the families at the initial screening questionnaire
were indicative of subtle language difficulties, and literacy problems. One had a formal
diagnosis of dyslexia, and for another the family had concerns about dyslexia and
reported that their child had been very late to start reading and writing. The third had a
history of speech and language therapy and delayed speech development, although a
formal diagnosis was never made, and had needed continued help with reading in

school. It was deemed appropriate to regroup these three children as language impaired.

To be classified as in the autism group, children needed to have been diagnosed
or be in the process of being diagnosed with autism. In addition, families of children in

the autism group completed the 3di autism interview (see Section: Procedure and Task
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Battery for more details on the 3di). Two of the children previously diagnosed with
autism by a clinician did not meet the criteria for autism according to the 3di (one ALI
participant and one ANL participant). However, these children are retained in our
analyses. We applied the same criteria for classifying children as language impaired to
our autism group (two language subtests 1.5 SD below the age norm), splitting our

autism group into ANL (normal language, N = 13) and ALI (language impaired, N = 8).

As a whole, the remaining 52 children in the typically developing group
significantly differed from the LI group on nonverbal ability (as measured by the WASI
matrix task). Therefore, to extract a group of TD children with comparable nonverbal
abilities, a screen was used to select only TD children who achieved a raw score of 18
or lower on this task (this corresponds to the mean plus 1 SD of the LI group). This left
a group of 14 TD children, who did not significantly differ from the LI group in terms
of age or nonverbal ability (both raw and standardised), at the group level. The
characteristics of the final four groups are shown in Table 3.1. There was one sentence
repetition task missing from 1 TD participant and 1 LI participants, due to technical
problems. Two children with ASD (1 ANL and 1 ALI) did WASI-2 as part of separate
project very close to the time of data collection — it was felt more appropriate to use the
standard scores from this task rather than to re-administer a highly similar task the
children would have recently done. The raw scores for these cases were not entered into
the mean raw score calculation for these groups. Table 3.2 shows the 3di scores for
social reciprocity, communication, nonverbal communication and repetitive behaviours
for the two autism groups. The two groups differed on their restrictive and repetitive
behaviours (t (20) =-2.18, p =.042,) but this difference does not survive correction for
multiple comparisons. The ALI and ANL groups are therefore assumed to have

comparable severity of autism symptoms.
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Table 3.1: Child sample characteristics

3: Nonword repetition in ASD and LI

Variables Participant group
TD(N=14)  ANL (N=13)  ALI (N=8) L1 (N=17)
Age (Months) 112.36 (7.61) 105.08 (21.24) 112.00 (27.20) 111.35 (20.51)
Gender 11F, 3 M 12M,1F 3F,5M 12M,5F
Raw
WAS|  scores  1571(371) 1669(8.17)  1100(6.85)  11.29(7.19)
Matrix f;ﬁ'r‘gj"d 4529 (7.12)  49.54 (12.82)  38.38(19.91)  39.38 (11.10)
Raw
WASI  sores  37:29(847)  3200(11.89) 16.38(6.05) 1882 (7.21)
Vocab. dtandard 54,00 (9.55)  51.69 (1151)  27.00 (5.55)  30.69 (8.14)
CELF Concepts
2. Directions 957 (2.21)  8.69 (3.17) 1.50 (0.93) 3.12 (2.03)
NEPSY Sentence
Repetition 10.79 (2.72)  10.00 (3.08)  3.25 (2.55) 3.81 (2.01)

Table 3.1: Characteristics of the final sample. With the exception of gender, this table shows the
means and standard deviations for each group on the measures shown.

Table 3.2: 3di Scores

3di Scale

Participant group

Social Reciprocity
(Min. with clinical
significance = 10)

Communication
(Min. with clinical
significance = 8)

Nonverbal
Communication
(Min. with clinical
significance = 7)

Repetitive Behaviours
(Min. with clinical
significance =3)

ANL (N=13) ALI (N=8)
153 (4.28)  15.7 (4.52)
16.0 (2.69)  14.0 (4.34)
8.7 (2.12) 7.6 (3.87)
7.8(1.96) 5.6 (2.77)

Table 3.2: Mean and standard deviations for the 3di scores of the two ASD groups.
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3.2.3 Procedure and Task Battery

This study received approval from the ethics committee at the University of
Oxford (Medical Sciences Interdisciplinary Research Ethics Committee Code: C2-
2013-02). Table 3.3 summarises the tasks the children did. For children whose data
were collected during school, the tasks were conducted over a period of two to three
days to avoid disruption to the children’s learning. Data collected during half term
activity weeks were collected in an hour’s session with the researcher. The task battery
was kept to a minimum in order to retain children’s attention. Several task subtests were
drawn from standardised assessment batteries including the Wechsler Abbreviated Scale
of Intelligence (WASI) (Wechsler, 1999), the Clinical Evaluation of Language
Fundamentals (CELF -1V) (Semel, Wiig, & Secord, 2006), and the NEPSY (A

Developmental NEuroPSYchological Assessment) (Schmitt & Wodrich, 2004).

Table 3.3: Task battery

Language tasks Nonword Repetition Tasks Other Tasks

WASI Vocabulary Intercom Game (CNRep WASI Matrix

NEPSY Sentence words) NEPSY Hand imitation
Repetition Co-Spy game NEPSY Fingertapping
CELF Concepts and Guard game Audiogram

Directions Mature Imitation Task
CCC (Completed by 3di (ASD groups only —
parents) completed by parents)

Table 3.3: Tasks completed by the children.

3.2.3.1 Language tasks

Expressive vocabulary skills were assessed using the WASI Vocabulary task, a
task in which children are asked to define words (“Can you tell me what a “car” is?”).
Comprehension was assessed using the Concepts and Directions subtest from the CELF.

In this task, children are shown an array of pictures, and asked to point to the pictures in
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the order the experimenter says. A sentence repetition task (a subtest taken from the
NEPSY) was also included. This task is designed to assess children’s abilities to repeat
sentences of increasing complexity and length. Typically, this test is administered with
the experimenter saying the sentences, however as the majority of the nonword
repetition tasks were presented with recorded stimuli, for parity the sentence repetition
test was also presented using pre-recorded stimuli. Parents of the children also filled in
the Children’s Communication Checklist (CCC -V1), which yields an index of the
children’s pragmatic skills (Bishop, 1998). The CCC was originally included as a means
to exclude any children in the typically developing group who exhibited abnormal
scores on their communication skills. However, the rate of return for the paper

questionnaire was not good, and the data from it are thus not presented.

3.2.3.2 Nonword repetition tasks — the Spy Password Games

The nonword repetition tasks required the children to listen to a nonword, either
presented by the laptop, or live from the researcher. They then repeated the word, either
to the researcher, or to the laptop. As each list of non-words was 40 items long, and
there were three contexts being examined, it was felt that the task would need to be
sufficiently engaging to avoid the children becoming bored, not trying and lowering
their performance. Therefore, these tasks were presented in the context of an engaging
spy password game (a theme picked because it was felt it would engage both younger
and older children in the sample). In these games, the children were told they must

repeat passwords (nonwords) to open safes and unlock pieces of a top-secret map.

There were three versions of this game. The “Intercom” version of the game
used the original words from the CNRep, as this is the version that best matches the

conditions under which the CNRep is normally administered. In this game, the child

80



3: Nonword repetition in ASD and LI

was told to listen to the passwords (the nonwords) told to them by the computer, and
then repeat them to the computer. There was effectively no social interaction in this
game. In the “Guard” version of the game, the child listened to the passwords the
computer says and told them to the “guard” (the experimenter). In the “Co-Spy” version

of the game, the child listened to the passwords their co-spy (the experimenter) says,

Intercom Game Guard Game Co-Spy Game

“Password
needed”

/EEEEEEEEEEEEEEEEEEEEER

“Jemtest”

“Jemtest”

and tells them to the computer. Figure 3.1 displays these three tasks.

Figure 3.1: The three ""Spy Password" Games. The left column displays the intercom game,
the centre column the guard game and the right column the co-spy game. Children either heard
the password from their spy device (in the intercom and guard games), or from their co-spy (in
the co-spy game). They then either repeated the password to the intercom (in the intercom and
Co-spy games), or the “guard” (in the guard game). Stimuli or prompts spoken by the
experimenter are in green speech bubbles, those from the computer in orange, and the
responses from the children in blue.
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As repeating the same words used in the CNRep seemed likely to lead to
practice effects, two new nonword lists were constructed to closely match the CNRep.
The nonword lists can be found in Appendix A: Nonword lists used in verbal imitation
tasks. They were closely matched on syllable length, cluster position, embedded words,
and stress pattern. To check that the average word likeness of the lists did not differ, the
word likeness of the each of the words on the new lists and on the CNRep was also
rated by 3 independent raters, who were not familiar with the CNRep. No significant
differences were found between the average word likeness ratings of the lists. In
addition, to check baseline performance on the 3 lists did not differ, 22 typical adults
were also tested on the three nonword lists in a nonword repetition paradigm. Because it
was anticipated that most adults would be at ceiling on this task, pink noise was added
to the recordings to make the task harder. There was no significant difference in overall
performance between the 3 lists, and no significant interaction effects between list and
syllable (indicating that lists were matched overall, and the 4 syllable lengths within
each list were also sufficiently matched). These analyses can be found in Appendix B:

Adult Nonword Repetition Pilot Analyses.

3.2.3.3 Coding children’s nonword repetition

Investigations of children’s verbal repetition commonly code children’s
responses in a binary fashion — correct or incorrect. However, coding children’s
repetitions this way does not allow for distinction between children who get a repetition
mostly right but perhaps repeat one phoneme incorrectly (e.g. “dopelate” repeated as
“topelate”) and children who misrepeat many or most phonemes (e.g. “dopelate”
repeated as “godebane”). This may be of particular importance considering previous
findings that children with ASD have a comparatively “flat” performance compared to

children with SLI.
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The Levenshtein Distance (LD) algorithm is able to calculate the “distance”
between the correct response and given response by comparing responses phoneme-by-
phoneme basis. The LD algorithm compares two strings and calculates the minimum
numbers of operations (e.g. substitutions, additions or omissions) needed to transform
one string to the other. This algorithm has been used by previous authors to achieve a
better picture of children’s errors (Riches et al., 2011). Each nonword repetition for each
child was transcribed into phonetic script, and the LD algorithm applied to calculate a
LD value for each response. Table 3.4 shows examples of the different LD values the

algorithm gives depending on a child’s repetition.

Table 3.4: Levenshtein Distance

Correct Response  Child A’s Response ghlld Bs

esponse

Orthographic Script “Glistering” “Glisterin” “Giserin”
Phonetic Script glistsriy glistarin gIs3rin

Levenshtein
Distance (compared 0 1 3
to correct response)

Table 3.4: Demonstration of outputs of Levenshtein Distance algorithm on individual nonword
repetitions.

3.2.3.4 Other tasks

Nonverbal reasoning and fine motor skills were also assessed, and a hearing
screen conducted (500, 1000, 2000, and 4000 Hz at 25 dB). The WASI Matrix task was
used as a measure of the children’s nonverbal reasoning. In this task, children are shown
a series of pictures, and asked to select a picture to complete the pattern. Children’s fine
motor skills were assessed using the NEPSY Fingertapping task, and tests of children’s
motor imitation were also administered, as an additional investigation with this sample

was on motor imitation and language skills. Descriptions of these tasks can be found in
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Chapter 4. To confirm that the children in the autism groups had current clinically
significant levels of autism symptoms, the 3di (“The developmental, dimensional and
diagnostic interview”) (Skuse et al., 2004) was administered via telephone following

behavioural testing.

3.2.4 Counterbalancing nonword lists and conditions

In the original sample, lists and conditions were broadly counterbalanced.
However following removing and reclassifying some children, this was no longer the
case. The lists were created to be close matches on a number of key features, but
nonetheless the potential effect of list on nonword repetition was considered, using a
non-parametric one-way ANOVA (Kruskal-Wallis test), as nonword repetition
performance was not normally distributed. List was not found to have an effect on
nonword repetition performance, both considering the overall performance for each
condition, and at the level of the different syllable lengths. Thus, any differences that
emerged between conditions were assumed not to be due to any differences between the

word lists.

3.3 Results

The analyses of the nonword repetition performance took a two-stage approach;
the effects of the different nonword repetition conditions for the different participant
groups are considered first, followed by the effects of word length and participant
groups. As the group sizes were uneven, multi-way ANOVAS were inappropriate, as
uneven group sizes can lead to confounding of effects (i.e. in a two-way ANOVA with
group membership and game condition or word length as factors, the effects of
belonging to the ALI/ANL/LI/TD group and the effects of the different conditions or

word lengths will be confounded). Because of this, both the effects of game condition
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and word length are assessed using one-way ANOVAs. Analyses were conducted on

children’s sum of LD (for each condition and word length) rather than their average LD.

3.3.1 Effects of social task demands in the different nonword repetition games

The effects of the different game conditions (Intercom, Guard and CoSpy) are
first considered. Boxplots in Figure 3.2 show the distribution of the sums of LD for the
different conditions, for the different groups of children. As the group sizes were
unequal, any ANOVA other than a one-way is not appropriate so instead, potential
effects of condition were assessed using two one-way ANOVAs, on the differences
between conditions. For each child, the sum of LD from the CoSpy game was
subtracted from the Intercom game, and the sum of LD from the Guard game subtracted
from the CoSpy game. One-way ANOVAs were then run on these differences to assess
the effect of group membership of differences between games. As the difference
variables were non-normal, non-parametric Kruskal-Wallis ANOVA were used. Neither

found any group effects on differences between these conditions.

While these ANOVASs showed no group effects on the differences between
game condition, they did not test a potential main effect of condition, across all groups.

This was assessed using a Friedman’s ANOVA. There was no main effect of condition.

Following this analysis, as no condition effects had been found, the nonword
repetition performance for each child was pooled across the three game conditions. This
meant that for the analyses on length effects, for each child there were 120 nonword

repetitions, 30 at each syllable length.
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Figure 3.2: Box plots showin§ the Spread of stms of LD for thethree different nonword Fapetition gamie-conditions, ¥orthe different groups. The top
two plots (A and B) include the groups with normal language status, and the bottom plots (C and D) include the two groups with language impairment. The

left plots (A and C) are groups that are non-autistic, while the plots on the right are the autistic groups (B and D). These plots have been made to the same
scale. Outliers are labelled with participant numbers.
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3.3.2 Effect of word length

Boxplots in Figure 3.3 show the performance of the different groups at different
syllable lengths (pooled across game condition). Figure 3.4 shows the individual
participants’ performances at each syllable length. Table 3.5 shows the mean scores at
each word length for each group. There were clear floor effects and a resultant positive
skew to the data. A correct repetition results in an LD of zero, and the high number of
zeros skewed the data. Indeed, there were a high number of children in the non-
language impaired groups (TD and ANL) who could correctly repeat all of the two-
syllable words, and many of the three syllable words (although the skew is clearly not

limited to just these groups).

As a multi-way ANOVA was not appropriate, instead of entering word length as
a factor with 4 levels (and group as another factor), for each participant the slope of the
sum of LD was calculated. These slope values represent the gradient of the linear
regression line that runs through the sum of LD for each word length. Figure 3.4 shows
the individual plots for each participant — the slope value is effectively the regression
line for each participant, running through the four values for the four different word
lengths. These slope values were subjected to a one-way ANOVA. The variable slope
and its residuals was significantly non-normal, and therefore a non-parametric ANOVA

(Kruskal-Wallis Test) was used.

There was a significant effect of group on the slope of children’s LD (x? (3) =
27.33, p <.001). Post-hoc pairwise comparisons were done using Dunn-Bonferroni
corrections, adjusted for multiple comparisons. These showed that the only significant

group differences were TD versus LI (Dunn’s z = -4.529, p <.001) and ALI (Dunn’s z =

87



3: Nonword repetition in ASD and LI

-4.109, p <.001). There was a trend for ANL to be significantly better than the LI (p

=.073) and ALI (p =.081) groups.

Examining the plots of the individual children’s data on Figure 3.4, one
participant in the ANL group was noted to exhibit a particularly steep length effect, not
comparable to the rest of the group. To assess whether this case may be an outlier, an
outlier labelling rule was used, a version appropriate for non-normally distributed data
(Iglewicz & Banerjee, 2001; Kimber, 1990). Using this rule, participants in the ANL
group exhibiting a slope value above 19.95 would be considered outliers. The
participant showed a slope of 36.7. No other participants, from ANL or other groups,

were identified as outliers using this method.

Labelling and removing outliers from datasets (especially a dataset as small as
this one) is contentious. However, because of the smallness of the dataset, an extreme
outlier like this could exert a disproportionate effect on the results. This outlier case was
therefore removed, and the analysis on the slope values re-run, to assess what effect this

case could be having on the data.

Excluding this case did change the outcome of the post-hoc tests following the
Kruskal-Wallis test of group effects on slope. The ANL group was now significantly
different to both the LI (Dunn’s z =-2.93, p=.021) and ALI groups (Dunn’s z = -2.82, p
=.029), after correcting for multiple comparisons. The overall effect of group was still

significant: x? (3) = 29.57, p <.001 (N=51).

Interestingly, the outlier case did have poor vocabulary, obtaining a t-score of
38. This did not meet the threshold used to classify impairment on a given task (t of 35
of lower), but suggested that perhaps vocabulary was a particularly important factor in

determining the slope of a child’s LD scores. As an exploratory analysis, the
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correlations between the slope values and children’s scores on the language tasks were
compared, to see if vocabulary exhibited a special relationship with LD slope (using a
technique described by Steiger, 1980). Standardized vocabulary scores correlated
significantly with LD slope (rs = -.676, p<.001), as did sentence repetition (rs = -.764,
p<.001), and performance on the concepts and directions task (rs = -.639, p<.001). The
correlations between slope and vocabulary, slope and comprehension, and slope and

sentence repetition, did not significantly differ.

Table 3.5: Groups’ nonword repetition performance

Word length Participant group

TD ALl LI ANL
Two syllables 1.86 (2.21) 10.75 (9.60) 9.88 (8.53) 3.77 (4.92)
Three syllables 4.21 (4.00) 29.88 (15.43) 24.76 (14.04) 7.77 (8.21)
Four syllables 6.71 (4.38) 58.88 (34.34)  45.06 (25.40) 17.31(15.01)
Five syllables 12.79 (9.19) 79.00 (36.57) 68.41(31.76) 31.62 (31.93)
Overall LD 25.57 (15.74)  178.50 (88.15) 148.12 (73.92) 60.46 (58.03)

Table 3.5: Means and SDs for the sum of LD at each word length, for the four groups.

3.3.3 Correlations between nonword repetition length effects and autistic symptoms

Previous investigations of language subtypes in ASD had suggested that
children with ALI and poor nonword repetition could represent a group of children with
more severe autism. The correlations between the 3di scores of the ASD groups and the
slopes for nonword repetition performance were examined in an attempt to replicate

previous findings. Spearman’s rank was used to examine these correlations.
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The four subscales of the 3di (social reciprocity, communication, nonverbal
communication and repetitive behaviour) showed limited correlations with the slope of
nonword repetition performance. However, repetitive behaviour did show a significant
correlation (rs = -.538, p =.012, N = 21), and this would survive corrections for multiple
comparisons (.05/4=.0125). Nonetheless, this does not support the hypothesis that the
ALLI group show nonword repetition problems due to more severe autism symptoms, as

the ANL group actually had higher repetitive behaviour 3di scores (see Table 3.2).

3.4 Discussion

Previous research had suggested that length effects in nonword repetition tasks
in non-autistic language-impaired samples were stronger than for children with autism
and language impairment, suggesting distinct aetiologies to nonword repetition
problems and broader language difficulties. Yet in our sample of autistic, language
impaired and typically developing children, length effects in nonword repetition
patterned with language status, regardless of autism. Children in the LI and ALI groups
showed no significant differences on the slope of their LD scores, and similarly children
in the ANL group showed no differences from the typically developing group. The
graphs for the TD and ANL groups’ performances in Figure 3.4 (Graphs A and B)
indicate that at the shortest words many children achieved LDs of zero or near zero,
indicating perfect or near perfect performance. The language-impaired groups showed
significantly greater slopes than the TD group, and the ANL group (following the
removal of one outlier who showed an unusually strong length effect). These findings
are in contrast to previous reports that find an interaction between ALI and LI groups,
wherein autistic children show flatter performance and reduced effects of word length

(Riches et al., 2011; Whitehouse et al., 2008; Williams, Payne, & Marshall, 2012).
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The secondary hypothesis of this experiment was that manipulating the social
task demands of nonword repetition tasks would affect the performance of groups
differently. However, no main effects of game condition nor interactions between
condition and participant group were observed. Hearing the nonwords live, or having to
repeat the nonwords to a live listener, did not seem to confer any advantage or

disadvantage to typical, autistic or language-impaired children.

Three potential factors could explain the different results for length effects
obtained in this study compared to previous investigations. The first is the amount of
nonword repetition data this study collected per child. Williams et al. (2012) collected
data over 64 nonword repetitions per child, Riches et al. (2011) 68 nonwords per child,
and Whitehouse et al. (2008) 13 nonwords. In this study, children performed 120
nonword repetitions. Potentially, this increased amount of data could have allowed for

length effects to emerge in the ALI group.

The second factor that could underpin differences between this and previous
studies is the nature of the children in the groups. While at the group level, there were
no significant differences between the typically developing group and language
impaired groups on the average performance of the nonverbal cognitive task, both the
non-autistic language-impaired children and ALI children included in this study had
nonverbal weaknesses. Of all of the language-impaired children originally seen, almost
a third of the children did not show what could be regarded as sufficient language-
impairments to be retained in this group. However, it was these children who showed
nonverbal cognitive skills above the threshold usually used to exclude children with
nonverbal weaknesses. Excluding children both for failing to show sufficient nonverbal
skills and persistent language impairments would have severely reduced the number of

children in the language impaired group. Thus, there was a dilemma — either children
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who had weak nonverbal skills were excluded and children whose language
impairments were not necessarily bad enough were retained, or children without enough
evidence of a persistent language problem were excluded, even though these children
had reasonable nonverbal skills. The latter option was selected, but other recent
experiments of children with SLI have done the former (for example Wray, Norbury, &
Alcock, 2015). The majority of the children grouped as ALI also showed nonverbal

skills below the 1.5 SD threshold.

If this is the reason for these findings differing from previous accounts, this
would mean that children with autism and language difficulties and children without
autism and language difficulties look more similar on nonword repetition tasks, if their
nonverbal skills are poor. By extension then, as nonverbal skills improve in the two
groups, nonword repetition performance begins to differ. Logically, this would be
caused either by the language-impaired children exhibiting flatter performance when
these children have nonverbal weakness, or children with ALI exhibiting less flat
performance when they have poorer nonverbal skills. Did the LI group in this study
show flatter performance than would be expected for an SLI group? This seems unlikely
to be the case, given the large slopes seen in this group. Could reduced nonverbal skills
explain the length effects seen in the ALI group? Considering this idea, presumably for
ALLI performance to go from steeply length-affected to flat as nonverbal skills improve,
ALLI children with better nonverbal skills would perform better on shorter nonwords (as
opposed to worse on long words — it is presumed better nonverbal skills would boost
overall performance, not reduce it). It is difficult to conceive of a reason for why this
would be. Usually, one would assume that poorer cognitive skill would pattern with
flatter performance due to potential floor effects (and the flatter performance of the ALI

groups in other studies certainly is not reflective of ceiling effects — the children are still
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making errors, and showing nonword repetition deficits). Therefore, although a key
difference between our groups and previous groups is nonverbal ability, it is hard to

account for our pattern of findings based on this alone.

The third possibility is that broad motivational factors have affected the
performance of the children with autism in previous investigations, leading to flat error
patterns - but the embedding of nonword repetition tasks into engaging contexts in the
current study has reduced this effect. The nonword repetition tasks used in this study
were presented as games, designed to be appealing to children of this age group.
Originally, the games served as a means to explore potential effects of increased or
decreased social interaction on nonword repetition performance — the conditions were
so highly similar in other respects, it was felt that presenting the task devoid of a
creative story could have risked children becoming bored of nonword repetition tasks,
and affecting performance. However, setting nonword repetition in this context may
have boosted the performance of children who may otherwise have disengaged and
shown flat performance. Given that all nonword repetition games were presented in
these themed contexts, there is no “standard” nonword repetition task to compare these
gamified versions too, so this hypothesis is admittedly speculative. However, the
children did seem to enjoy the games, were happy to play the different versions (despite
the games being highly similar). Indeed, given that these games were quite repetitive
and predictable, they may actually have been particularly well-suited to children with

autism.

What implications do these findings hold for theories concerning the
relationship between autism and SLI? Previous reports had suggested that different error
patterns in nonword repetition tasks provided evidence that nonword repetition

difficulties arose from separate aetiologies in the two conditions. However, the results
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of the present study — that the ALI and LI groups show comparable slopes in the
number of phonemic errors as word length increases - instead indicate that these groups
both have impaired phonological short term memory, and arguably support the notion

that SLI and ALI have overlapping cognitive deficits.

An alternative framing of the nonword repetition problems in the language
impaired groups would be that poor nonword repetition performance may be a
consequence or reflection of a language problem, rather than pointing to the causal
cognitive problem. Associations between language ability and nonword repetition
performance have been traditionally interpreted thus; poor nonword repetition reveals a
problem in phonological short term memory, and poor phonological short term memory
impedes vocabulary and grammatical development (Gathercole & Baddeley, 1990).
However, other authors have also highlighted that associations between language and
nonword repetition or PSTM problems are not necessarily unidirectional. Vocabulary
size has been shown to affect nonword repetition performance (Munson, Kurtz, &
Windsor, 2005). It may be that a child with better vocabulary has finer phonological
representations, leading to bolstered phonological processing and better performance on
tasks that use it, including nonword repetition. Conversely, children with weak
vocabulary have poorer phonological representations as a result, and perform worse on
such tasks (Snowling, Chiat, & Hulme, 1991). In a similar line of enquiry, it has been
shown that learning to read radically changes the way children process speech sounds,
and that reading predicts performance on nonword repetition tasks, rather than the other

way around (Nation & Hulme, 2011).

This account would seem to predict a special relationship between nonword
repetition length effects and vocabulary size. As one outlier in the ANL group who

showed quite a dramatic slope in their nonword repetition performance had weak
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vocabulary, the correlations between slope and the different language subtests were
compared. While the correlations between slope and the different language tasks were
all strong, the correlations were not significantly different from each other. Thus, there
was no evidence in this dataset of a special relationship between length effect and

vocabulary skills, though slope was clearly related to language skills more broadly.

Taking this view, nonword repetition performance in the groups studied here
could be argued to reflect simple differences and similarities in language level. The
children with LI and ALI have poorer language skills, and as a result perform more
poorly on nonword repetition tasks, compared to typically developing children and
autistic children with intact language skills. This interpretation would still allow for
children with ALI and SLI to have language impairments for quite distinct reasons, and
could still fit with the phenomimicry account. What it would argue however is that
examining nonword repetition in school-aged children with ALI and SLI may be
problematic, as poor language development in these children may lead to these two
groups appearing similar on nonword repetition tasks. Longitudinal work would be best

placed to resolve these questions, such as that undertaken by Nation and Hulme (2011).

Considering now the lack of effects of social task demands on nonword
repetition performance, it was somewhat surprising that no advantage for live
administration was seen, even for typically developing children. While previous
observations suggested that children tended to do better with live administration, our
data suggest this does not lead to significant differences. It may also be the case that any
advantage that might have been conferred by live administration was much smaller than
the boosted performance of embedding nonword repetition assessment in an enjoyable

game.
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3.4.1 Limitations

The nature and size of the sample is this study’s biggest weakness. The group
sizes are clearly very small. Furthermore, the non-autistic language-impaired children
had nonverbal cognitive weaknesses as well as language difficulties, meaning than not
all researchers would agree that this sample represents a group of children with
“Specific Language Impairment”. Indeed, although the ALI and ANL groups do not
differ in terms of their raw nonverbal cognitive scores, their standard scores are
significantly different. Thus, do the ALI versus ANL groups in this study represent
language impaired versus not language impaired, or far broader “low functioning”

versus “high functioning” groups?

Another limitation with the current study is that ideally all families of children
with LI should have undertaken the 3di interview, in order to ascertain whether
similarities between the autistic and non-autistic language impaired groups could have
been reflective of the fact that children with language impairment not diagnosed with
autism nonetheless often exhibit high levels of autism symptoms, and are at increased
likelihood of meeting the clinical diagnostic criteria for autism (Conti-Ramsden,

Simkin, & Botting, 2006).

The use of slope to examine length effects in this study also presents some
challenges when comparing the results of this study to previous ones. The use of the
slope measures was adopted because it allowed the analysis to use a one-way ANOVA,
which is robust to effects of unequal group sizes. Unequal group sizes in factorial
ANOVA:s can lead to confounding. However, previous investigations of nonword

repetition performance of different group at different syllable lengths that had unequal
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group sizes have used mixed ANOVAs to analyse their results (Riches et al., 2011;

Whitehouse et al., 2008).

3.4.2 Summary

Overall, these findings suggest that children with language impairment and
children with ALI show similar length effects on their nonword repetition performance,
when these tests are presented in a way that is appealing to the children. The difference
between our findings and those of previous investigations may have been due to
motivational factors in the nonword repetition performance of children with ASD. No

effects of social task demands were found on nonword repetition performance.
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CHAPTER FOUR: Motor imitation in children with autism and language

difficulties

4.1 Introduction

Chapter 3 considered the nonword repetition performance of children with autism and
children with language impairment. To account for the nonword repetition problems
seen in children with ALI, some have suggested that these children have a general
difficulty with imitation (Whitehouse, Barry, & Bishop, 2008). If so, this would suggest
verbal and motor imitation are quite strongly related, and jointly dependent upon some
broader imitation factor. However, as noted in Chapter 2, there is limited evidence for
whether these two types of imitation do indeed relate to one another. Rodgon and
Kurdek (1977) studied gestural imitation (including object-based and body-based
actions) and vocal imitation (including single and repeated consonant-vowel syllables,
and single words) in young typically developing children aged 8, 14 and 20 months.
They found no significant correlations both between and within types of imitation. This
would suggest, at least at this early age and in typical development, that subtypes of
imitation are relatively independent of one another, but how imitation subtypes are
associated later in development, or in cases of abnormal development, is not clear.
Potentially, verbal and gestural imitation could become more related over the course of
development, or could exhibit stronger relations in disorders such as ASD, where

imitation skills are impaired.

The review in Chapter 2 noted that while imitation is known to be an area of
difficulty in autism, several investigations have suggested that imitation may also be
poorer in children with SLI. It is unclear at present whether these difficulties are really

comparable to those in autism, and whether poor imitation could represent an area of
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shared deficit between these two overlapping conditions. While separate studies of
imitation in ASD and SLI have demonstrated deficits, the only study identified that
directly compared these groups of children on their imitation skills was Stone, Lemanek
and Fishel (1990). Stone et al. (1990) found imitation deficits in ASD, but intact

imitation in their group of language impaired children®.

However, since this study, a number of different research groups have reported
imitation problems in SLI (Brookman, McDonald, McDonald, & Bishop, 2013;
Dohmen, Chiat, & Roy, 2013; Marton, 2009; Vukovic, Vukovic, & Stojanovik, 2010).
In fact, some reports of imitation deficits in language-impaired samples bare strong
resemblance to those in autism. Dohmen et al. (2013) reported poor imitation of
meaningless body movements, but spared imitation of instrumental actions, a profile
that has been reported in several studies of imitation in autism, and has been highlighted
in several reviews and theories about the imitation deficits in the condition (Hamilton,
2013; Stone, QOusley, & Littleford, 1997; Williams, Whiten, Suddendorf, & Perrett,
2001). Hamilton (2013) suggests that the imitative deficits in autism fit with a
neuropsychological model of imitation, in which there are two routes by which
imitation can operate — a direct and an indirect route. In the indirect route, actions to be
imitated are first parsed in terms of their goals and meaning, and then the action is
reconstructed, based on achieving the same goal or meaning. Meaningless actions are
supported by the direct route — the link between the visual information of the action
being viewed is mapped directly to the motor commands needed to reproduce it.
Hamilton (2013) suggests that goal-based actions are imitated properly by individuals

with autism, but imitation dependent upon the direct route shows abnormalities. More

*While the language-impaired group are not explicitly called “SLI”, the description of these
children arguably fits the criteria— they were required to show 1Q scores above 70, and not
meets ASD criteria on the CARS.
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specifically, she postulates that top-down control and social modulation of imitation
supported by the direct route is impaired, pointing to the prevalence of echolalia in

autism as evidence for an abnormality in the control of imitation, not its accuracy.

Another observation about imitation in autism has been that the styles of the
actions are not always imitated, even if the action overall is reproduced (Hobson & Lee,
1998; Hobson & Hobson, 2008). Hobson and Hobson (2008) tested object-based
imitation in children with and without autism. They found that even though there were
no differences in whether children with autism imitated (or attempted to imitate) the
action itself, the autism group imitated the style of the action (gentle or harsh)
significantly less than the mental-age control group. Hobson and Hobson (2008)
interpret these findings in terms of limited capacity for intersubjective engagement in
autism. Arguably such interpretations are quite comparable to Dohmen et al.’s (2013)
conclusion that children with language problems failed to connect socio-emotionally

with the model to imitate body movements.

4.1.1 Aims of the project

The aim of this project was to examine the relationships between motor and
verbal imitation and language ability, in typically developing children, and in children
with autism and/or language impairments. Specifically, it aimed to examine two
questions. The first was whether children with language impairment show the same
pattern of imitation deficits as children with autism, including particularly poor body
movement imitation, and difficulties copying the stylistic quality of the actions (Hobson
& Hobson, 2008; Williams, Whiten, Suddendorf, & Perrett, 2001). Secondly, the
project considered whether imitation problems could account for the nonword repetition

difficulties in some children with ASD. If imitation problems underlie nonword
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repetition difficulties in ALI, one could predict that children with ALI will exhibit
poorer imitation skills than children with ANL, and we would predict correlations
between motor and verbal imitation. The extent to which correlations between verbal
and motor imitation could be explained by joint relationships with broader motor and

cognitive factors was also examined.

4.2 Method

4.2.1 Participant characteristics

The characteristics of the sample are summarised in Table 4.1. As before in
Chapter 3, the children in the TD group were a sub-sample of a larger number of
typically developing children seen, selected in order to provide a group matched on
nonverbal cognitive skills to the other groups. In addition to the children in Chapter 3,
five additional typically developing participants and one additional autism-normal
language participant are included in the group comparisons of motor imitation (they
were excluded from verbal imitation analyses in Chapter 2 as they did not complete all

of the nonword repetition tasks).

4.2.2 Procedure

Details of recruitment, data collection and general experimental procedures are
described in Chapter 3. The children were assessed on a number of language measures,
three nonword repetition tasks, nonverbal cognitive ability, fine motor skills, and motor

imitation tasks (described below).
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Table 4.1 Child sample characteristics

Variables Participant group
D ALl ANL LI
(N=19) (N=8) (N=14) (N=17)

Age (months) 104.00 (16.58) 112.00 (27.20) 105.79 (20.58) 111.35 (20.51)

Gender 12F,7M 3F,5M 1F 13 M 5SF12M

Raw

WASI Scores 13.32 (5.44) 11.00 (6.85) 16.43 (7.91) 11.29 (7.19)

Matrix  Standard - 4189 (6.42)  38.38(19.91)  49.07 (12.44)  39.38 (11.10)

Raw

WASI  Seores  3426(9.13)  16.38(6.05)  32.00(11.89)  18.82(7.21)
Vocab.  Standard 5359 g 45) 2700 (555)  52.00 (11.11)  30.69 (8.14)

Scores
CELF Concepts
and Directions 10.05 (2.46) 1.50 (0.93) 8.93 (3.17) 3.12 (2.03)
NEPSY Sentence
Repetition 10.44 (2.68)  3.25(2.55) 10.21 (3.07)  3.81(2.01)
NEPSY Finger

Tapping 11.74 (1.85)  8.83 (2.56) 11.00 (2.48)  8.81(2.14)

Table 4.1: Characteristics of the final sample. With the exception of gender, this table
shows the means and standard deviations for each group on the measures shown.

Table 4.2 3di scores

3di Scale Participant group

ANL (N=14) ALl (N=8)

Social Reciprocity
(Min. with clinical 15.2 (4.13) 15.7 (4.52)
significance = 10)

Communication
(Min. with clinical 15.9 (2.59) 14.0 (4.34)
significance = 8)

Nonverbal
Communication
(Min. with clinical
significance = 7)

Repetitive Behaviours
(Min. with clinical 7.8 (1.89) 5.6 (2.77)
significance =3)

8.9 (2.13) 7.6 (3.87)

Table 4.2: Means and standard deviations for two autism groups on the 3di sub-scales.
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4.2.3 Motor Imitation Tasks

Three tasks of motor imitation were included. Two of these tasks were from the
Mature Imitation Task battery (Rogers, Cook, & Greiss-Hess, 2005). These subtests
included the imitation of body movements (BM) and imitation of actions with objects
(AO). The entire MIT battery includes numerous others imitation sub-tests, but these
two tasks were specifically selected because it was felt they best mapped onto the direct
and indirect routes in neuropsychological models of imitation, and were comparable to
previous investigations examining object-based and body-based imitation in younger
samples of autistic and language-impaired children (Dohmen, Chiat, & Roy, 2013;

Stone, Ousley, & Littleford, 1997)

In these two tasks, the children watched videos of a man performing either
meaningless body movements (for example, tapping one’s arm below and then above
the elbow), or actions with objects (such as striking a xylophone, or rolling play-dough
with a rolling pin). After each clip, the children were asked to immediately imitate what
they saw, as closely as they could. The children’s responses were filmed and scored
offline by two trained scorers who were blind to the children’s group membership and
the hypotheses of the study. The task was scored according to the unpublished manual
for the Mature Imitation Task. The scoring codes the children’s accuracy of the
imitations on a number of set parameters. For the body movement tasks, the start and
end points, the movement (e.g. arm moves across horizontal plane), and posture change
(e.g. fingers closed to fingers together) are all marked, and each imitation trial has a
maximum score of six. For the actions with objects task, the imitation attempts are
marked on children’s grip of the tool, whether the tool is used appropriately, the
movement, and also whether the children copy the style in which the action is

performed, with a maximum score of four. For three of the actions, the style is
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performed gently. In the other three, they are performed harshly. Both the body

movement and actions with objects tasks had six trials each.

The third imitation task was the standardised hand imitation task from the
NEPSY (Schmitt & Wodrich, 2004), a task which has previously been found to be poor
in children with language impairment (Brookman, McDonald, McDonald, & Bishop,
2013). In this task, the experimenter demonstrates a hand posture and asks the child to
copy them. A correct imitation within 20 seconds is scored as correct. There are twelve
postures, tested for each hand separately. The NEPSY hand imitation task differs from
the two tasks from the MIT in several key ways; the demonstrator is live; the imitation
targets are postures rather than movements; and the target to be imitated remains on
show for the children to refer back to, so there are reduced working memory demands in
this task. Working memory is considered a deficit in SLI, and could be a limiting factor
in these children’s imitation abilities. It was reasoned that if this was the case, the
language-impaired sample may perform poorly on the MIT tasks, but show comparably

intact imitation in the NEPSY hand imitation task.

4.2.4 Fine motor task

The fine motor skills task was the NEPSY finger tapping test. In this task, there
are two stages. In stage one, the child is asked to tap their index finger and thumb
together, as fast as they can, with their dominant hand. The experimenter times how
long the child takes to tap 32 times. The test is then repeated with the non-dominant
hand. In stage two, the child is asked to tap their thumb and each of their other fingers
(index, middle, ring and then little finger) in a recurring sequence. As before, they are
asked to do this as quickly and as accurately as they can. The experimenter times how

long the child takes to complete 8 sequences. This is then repeated with the non-
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dominant hand. The timings for both stages are summed, and this corresponds to a

standardised score.

The data for the MIT tasks is missing for one typically developing child, due to
technical failure at recording. Furthermore, one child in the ANL group found the
NEPSY hand imitation and finger tapping tasks very frustrating, and these tasks were
not completed. One child in the ALI group similarly could not complete the finger
tapping task, instead tapping all fingers together rather than specific fingertips, and their

data are not included.

4.3 Results

4.3.1 Inter-rater reliability

The two blind coders scored equal numbers of typically developing, language-
impaired and autistic children. Twelve of the overall sample of children (before
exclusion due to language impairments not being strong enough to be included in the LI
groups, and selection of the TD group to match the nonverbal skills of the other disorder
groups) were coded by both scorers to check for agreement between the scorers. This
subset included two TD, five LI, and five ASD children. Intra-class correlations (ICCs)
were calculated for scores on the body movement and actions with objects tasks. Inter-
rater reliability is considered fair when the ICC value is between .40 and .59, good
when between .60 and .74, and excellent when between .75 and 1.0. (Cicchetti, 1994;
Hallgren, 2012). For the body movement imitation task, single-measure ICC was .919,
and for actions with objects, this was .656 — thus, there was excellent agreement on the

body movement task, and good agreement on the actions with objects task.®

> While the agreement for both tasks was adequate, it is interesting to consider why
agreement was so different for the two tasks. One possibility was that scoring the actions with
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4.3.2 Groups’ performance on motor imitation tasks

The means and standard deviations for the groups’ performances on the three
imitation tasks are shown in Table 4.3. Analysing the groups’ performances together in
one mixed factorial ANOVA was not deemed appropriate as group sizes were unequal.
Instead, group effects on these tasks are analysed separately in three one-way ANOVAs.
For the hand imitation task, a non-parametric ANOVA is used (the Kruskal-Wallis test),

as this variable and its residuals were not normally distributed.

Performance on the body movement imitation task is considered first. Levene’s
statistic was significant for the imitation of body movement scores, indicating that
variance within the groups was not equal. Because of this, Welch and Brown-Forsythe
tests were used to assess whether the groups were significantly different, as these tests
are robust to the effects of unequal variance. No significant group effects were

identified (Welch’s adjusted F (3, 21.91) = 2.14, p =.124).

For performance on the actions with objects task there was a significant effect of
group (F (3, 59) = 3.456, p =.023). Bonferroni post-hoc tests indicated that ALI group
were significantly worse that TD group (p =.048). No other significant differences were

seen, although there a marginal trend for the ANL group to perform worse that the TD

group (p = .08).

objects tasks included a very subjective judgement on whether the child imitated the style of the
model appropriately, while other judgements (grip, tool use and movement) were perhaps easier
to score objectively. To investigate this, ICCs were also calculated for the different parameters
in the actions with object task (grip, movement, tool use and style). Scoring on all these
different parameters had good to excellent agreement, but agreement on the style aspects of the
actions was much lower than the other three criteria. This would suggest that for this task,
judging the style of a child’s imitation was harder to score objectively than other aspects of the
movement, and led to less excellent overall agreement than for the body movement imitation
task.
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For raw scores on the hand imitation task, there was a significant group effect on
the performance of this task: ¥%(3) = 21.13, p<.001 (N = 57). Pairwise comparisons
using Dunn-Bonferroni tests to correct for multiple comparisons indicated that while the
language impaired groups were significantly different from the non-language impaired
groups, children in the ALI and LI groups did not differ from each other, and children in
the ANL and TD groups did not differ from each other: ALI versus TD — Dunn’s z =
3.52, p =.003; ANL versus ALI - Dunn’s z = 3.18, p =.009; LI versus ANL - Dunn’s z

=2.84,p=.027; LI versus TD - Dunn’s z = 3.31, p =.006

Table 4.3 Groups’ performances on imitation tasks

Imitation task Participant group
TD ALl ANL LI
(N =19% (N =8) (N = 14Y) (N=17)

Body movement (BM)  64.20 (13.03) 45.83 (22.37) 61.90 (22.89) 55.88 (12.88)

Actions with objects 71.30 (7.94)  58.85(9.03) 61.61(12.68) 65.44 (11.86)
(AO)
Hand imitation (HI) 2274(2.21)  18.13(3.64) 22.31(3.77)  18.76 (4.37)

Table 4.3: Means and SD of the groups’ performance on the three imitation tasks. The
means for hand imitation are based on raw scores (the maximum score for this task is
24). The MIT has not been normed — these values represent percentage. ‘Data missing
for one TD participant on BM and AO, and one ANL participant on the hand imitation
task.
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Figure 4.1: The groups’ mean performances on the three imitation tasks. Error bars
represent standard error. Note that hand imitation and the two subtests from the MIT
are on different y axes. MIT scores are percentage scores, and NEPSY HI score are raw
scores.

4.3.3. Imitating the style of the model

Given previous accounts of an autistic deficit in copying the style of actions, the
groups were compared on this specific parameter of the actions with objects task. As
there were six actions with objects trials, children could score between 0 and 6 on the
style parameter, making it arguably an ordinal variable. Median style score was 5 for the
TD group, 4 for the ANL group, 3 for the ALI group and 4 for the LI group. A Kruskal-
Wallis test was used to examine group effects on the style score. No significant group

effects were found: ¥*(3) = 4.82, p =.185, N=57.
4.3.4 Correlations between motor imitation and verbal imitation

As one of the aims of the study was to examine the links between motor and
verbal imitation, the correlations between performance on the motor imitation tasks and
nonword repetition tasks was calculated. For this test, the sum of the LD score across all

conditions and syllables was used as a measure indicating overall nonword repetition
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ability. Nonword repetition tasks were skewed, thus Spearman’s Rank was used. As the
correlation between three imitation tasks and nonword repetition was being assessed,
the corrected threshold for a significant association is .05/3=.017. These correlations
were assessed across the whole sample, with two-tailed tests. Scatterplots of the data are
in Figures 4.2 to 4.4. As can be seen from Figure 4.4, there were clear ceiling effects for

the NEPSY hand imitation task.

As the two MIT tasks are not normed, raw scores of the NEPSY hand imitation
task were used for parity. However, using only raw scores could potentially mean that
correlations between verbal and motor imitation would be driven by age effects. To

account for this, age is partialled out from the correlations.

Nonword repetition correlated significantly, and moderately to strongly, with the
three motor imitation tasks. The correlations are negative, indicating higher LD scores
correlate with lower imitation scores — because high LD scores reflect increased errors
in nonword repetition, this suggests that poor nonword repetition is associated with poor
motor imitation. Partialled for age, for hand imitation, rs= -.654, p <.001. For body

movement imitation, rs = -.407, p =.004. For actions with objects, rs = -.431, p =.002.

Two other variables were considered as potential mediators of the relationship
between nonword repetition and motor imitation. These included nonverbal cognitive
skills and fine motor skills, as assessed by the WASI Matrix and NEPSY finger tapping
tasks respectively. As before, because the MIT tasks are not standardised, partialling the
relationship between these imitation tasks using standardised scores for the matrix and
finger tapping tasks would mean that only age effects on the partialled variables would
have been controlled. Instead, raw matrix and raw finger tapping scores were partialled,

in addition to age.
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The zero order, first and second-order partialled correlation coefficients are
shown in Table 4.4. Partialling fine motor skills did reduce the correlations between
verbal and motor imitation, but both correlations with hand imitation and actions with
objects remained significant after correcting for multiple comparisons. Partialling out
nonverbal cognitive skills reduced the association between body movement imitation to
non-significance, however the correlations between hand imitation and verbal imitation,

remained significant.

Table 4.4 Correlations between verbal and motor imitation tasks

Zero order First order Second order Second order
correlations  partials: age partials: age, partials: age,
fine motor skills  and nonverbal
skills
NEPSYHand ) cogwsx  _gpgamsx  _0.490%*+ -0.556%**
imitation
MIT Body -0.425%* -0.407** -0.304* -0.160
Movements
MIT Actions g ppguwx 0 4374 -0.401%* -0.242

with Objects

Table 4.4: Correlation coefficients between verbal and motor imitation tasks. The
verbal imitation task was nonword repetition, and the measure is the sum of LD (a
measure of phonemic distance between correct and incorrect responses), pooled across
three nonword repetition tasks (described in Chapter 3). Coefficients are Spearman’s
Rank. Significance is indicated thus: *p< .05, **p< .017, ***p< .001. Zero order
correlations are between imitation scores (percentage score for MIT tasks, raw scores
for NEPSY HI) and the sum of LD. First order partials are partialled for age in months.
Second order partials are partialled for age and raw scores on the NEPSY finger
tapping task, or the raw scores on the WASI Matrix task. Note that there were two
children who did the WASI-2 — their raw scores are not included in the correlation
considering nonverbal skills, as the raw scores of the WASI-2 are not comparable to the
older WASI.
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Figure 4.2: Scatter plots showing the association
between the imitation of body movements and
nonword repetition. The scale of body movement
imitation is a percentage score. Squares represent
children without language impairment, circles
those with language impairment.
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Figure 4.3: Scatter plots showing the association
between the imitation of actions with objects and
nonword repetition. The scale of actions with
objects imitation is a percentage score. Squares
represent children without language impairment,
circles those with language impairment.
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Figure 4.4: Scatter plots showing the association
between the imitation of hand postures and nonword
repetition. The scale of hand posture imitation is a
raw score (the maximum score is 24). Squares
represent children without language impairment,
circles those with language impairment.
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4.4 Discussion

Considering the groups’ performances on the three tasks of imitation, there were
group effects for two of them — imitation of actions with objects, and imitation of hand
postures. Only children who were autistic and had language impairment showed
significant deficits on the action with objects task, compared to the typically developing
group. For the hand imitation task, both language impaired groups showed significant
deficits compared to the typical and autistic group that did not have language
difficulties. No group effects were found on imitating the style of actions with objects.
Across the whole sample, motor imitation and nonword repetition correlated
significantly and strongly. Partialling out nonverbal cognitive skills or fine motor skills
suggested that these factors could account for the correlations between the body
movement and actions with objects imitation tasks and nonword repetition performance.
However, even after partialling out these skills, hand imitation performance remained

significantly correlated with nonword repetition performance.

The failure to find significant group effects for meaningless body movements is
surprising. Imitation of meaningless actions has been suggested to be particularly
impaired in ASD, both by proponents of broken mirroring systems playing a role in
ASD, and others who have disputed such theories (Hamilton, 2013; Williams et al.,
2001). Nonetheless, a recent meta-analysis of imitation studies in autism did not find
any significant effects of imitation task domain (including oral-facial, hand-body, and
object-directed tasks) (Edwards, 2014). Indeed, previously reported differences between
body movement and object-based imitation may have been at least in part driven by
differences in task difficulty. Actions with objects are arguably easier than meaningless
body movements, because the objects themselves provide some limitations on what

possible actions can be performed, and children can bring previous knowledge about
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familiar objects to the task of imitating them (for example, in the current study, children
would hold the baton for the xylophone trial or the rolling pin for the rolling dough trial
correctly before seeing the video — demonstrating that they already had a good idea of

what the model would do) (see Williams, Whiten, & Singh, 2004).

While there were limited group differences for the imitation tasks from the MIT,
hand imitation did pattern with language status, with both LI and ALI groups showing
significantly poorer hand imitation than the other two groups. Furthermore, nonword
repetition ability was correlated with this task, even after partialled out effects of age,
nonverbal cognitive skills and fine motor ability. Previous research on hand imitation
tasks with language-impaired children has found conflicting results; impairments on this
same task by were also found by Brookman et al. (2013), but Wray et al. (2015) did not

find hand imitation deficits in their language-impaired sample.

Imitation difficulties in the non-autistic language-impaired children were found
for the hand imitation task only. The LI group’s selective difficulty with this task is
unexpected on two fronts. Firstly, it could have been anticipated that children with LI
would show increased difficulty with the body-movement task compared to the hand
imitation task, as the body movement task placed greater reliance on working memory,
a domain argued to be weak in some children with language problems (Baddeley,
2003). Secondly, it may have been expected that the body-movement task from the MIT
and the NEPSY hand imitation task would pattern together - both are not goal-oriented
or object-based, and therefore are presumably both supported by the direct mimicry
route. However, some of the hand postures in the NEPSY could be construed as having
communicative or symbolic meaning. For example, one posture is holding a hand up to

one’s ear like a telephone. While not goal-oriented or object-based, such an action is not
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meaningless, and could perhaps be parsed in terms of the communicator’s intentions,

via the indirect route.

These limited imitation problems in the language-impaired sample in this study
are largely in conflict with previous investigations. Vukovic, Vukovic, and Stojanovik
(2010) and Marton (2009) found impaired body movement imitation in children with
SL1I, and we also did not replicate the pattern of findings obtained by Dohmen et al.
(2013), who found poor performance of their language-delayed toddlers on a body

movement task, but intact performance on imitation of instrumental actions.

There are several factors that could contribute to the varied results in the studies
of imitation in language impaired children conducted so far. The first is whether the
researcher scoring the imitation task was blind to the group membership of the children.
In the studies by Stone et al. (1990), Vukovic et al. (2010), Marton et al. (2009),
Brookman et al. (2013), and Wray et al. (2015), researchers do not report blinding the
scorers. Indeed, while Stone et al. (1990) and Wray et al. (2015) did not find imitation
deficits, these studies were not chiefly investigating imitation deficit in language
impaired samples per se — Stone et al. (1990) were using their LI sample as a control
group for studying imitation in ASD, and Wray et al. (2015) were primarily examining
children’s gesture. The study conducted by Dohmen et al. (2013) is actually the only
study thus far to have found impaired imitation skills in a language-impaired sample
with blinded scoring. The current project represents only the second investigation to
blind code language-impaired children’s imitation performance. The children’s
responses were taped and their performance scored by trained undergraduate students
who were not told what groups of children were involved in the study. The hand
imitation task however was scored “live” by a researcher who knew the group

membership of the children, and the hypotheses of the study. Could the findings of
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selective hand imitation difficulties in children with language impairments in this study

simply be due to experimenter bias?

Dohmen et al.’s (2013) study contains some additional important differences to
other investigations that could also shine light on what factors influence whether or not
imitation deficits are found. Firstly, there is the age of the children. Dohmen et al.
(2013) investigated imitation performance in toddlers, and is the study of imitation with
the youngest sample of language impaired children. Furthermore, the pattern of
performance in Dohmen et al.’s (2013) language impaired sample arose largely due to
refusals rather than reduced accuracy. Returning to the points made in Chapter 2, this
suggests reduced propensity to imitate, and may reflect early social difficulties in this

sample of children.

Considering further the issue of blinding and experimenter bias, the fact that
only children with ALI showed deficits in the tasks that were coded blind could
potentially be explained by coders suspecting these children had developmental
disorders. Scorers were not told that the study included children with ASD, but the
children with ALI arguably did appear more developmentally delayed, exhibited more
behaviours (such as repetitive actions, or “stimming”) that may have led coders to
suspect they have a developmental disorder, which may have biased the scoring.
Children with language impairment on the other hand, given that the video task did not
require any verbal responses, may have appeared no different to the typically
developing controls. Indeed, many of the ANL children arguably showed fewer autistic
behaviours in the videos than the ALI children, and thus may have been less influenced

by bias.
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Another possibility is that the pattern of findings in this study is due in part to
the children with ALI and LI having poorer motor abilities or poorer general cognitive
skills than the other groups. A thorough assessment of the motor skills of these children
was not undertaken, but the children in the ALI and LI groups demonstrated poorer
performance on a task of fine motor ability. This is in keeping with reports of motor
difficulties being common to both children with language difficulties, and children with
autism (Green et al., 2009; Hill, 2001). However, while correlations between the MIT
tasks and nonword repetition performance were reduced to statistical insignificance by
partialling out nonverbal cognitive skills and motor skill, the associations between hand

imitation and nonword repetition persisted.

4.4.1 Limitations

Some of the limitations to do with the sample of this study are discussed in
Chapter 3, and so are not discussed again here, but rather specific issues to the study of
the motor imitation skills are considered. This includes the limited number of imitation
types studied; for example, oro-motor and facial imitation abilities were not assessed,
and these could perhaps be expected to show stronger associations to verbal imitation
than manual tasks. Body movement and actions with objects were specifically selected
from the MIT as these tasks seemed to best map onto the neuropsychological models of
imitation, in which meaningful and meaningless actions are suggested to be supported
by different pathways in the brain. Furthermore, previous reports had suggested that
imitating meaningless body actions is a selective deficit in ASD, and that imitation of
goal-orientated actions with objects was comparatively spared, and similar patterning of
imitation deficits had been reported in SLI (Dohmen et al., 2013; Stone et al., 1997).
Thus, these tasks seemed best suited to pulling apart these different pathways, across

disorders. As well as the limited number of imitation tasks, all of these tasks were based
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on accuracy, and allowed no assessment of the children’s spontaneous imitative
behaviours (which may be more important, according to the social motivation

hypothesis, outlined in Chapter 2).

In addition, given the clear importance of motor skills in the imitation abilities
of both children with autism and children with language impairment (as discussed in
Chapter 2), the study could have benefitted from having a more thorough motor
assessment for the disorder groups, especially an assessment of praxis skills, which
have been shown to be important in the imitative deficits in ASD (Dziuk et al., 2007,
Mostofsky et al., 2006). Only one task — the NEPSY finger tapping task — allowed for
the study of the children’s fine motor skills, and the standard format of this task does
include some imitation in the explanation and administration of the task (thus, this sub-
test represents a motor test that is confounded with imitation). Partialling out this task
suggested a fairly limited effect on the relationship between motor and verbal imitation
compared to partialling out nonverbal skills, but including other motor tasks would have
allowed a better examination of this issue. Indeed, ideas about the imitation deficits in
ASD have moved on to theories that autistic individual’s own action representations
may be abnormal, leading to motor difficulties and preventing the development of
representations that can be used for imitation and understanding of others (Cattaneo et
al., 2007; Fabbri-Destro, Cattaneo, Boria, & Rizzolatti, 2009 - see Section 2.6). Given
reports of motor and social impairments in SLI, it could be informative to consider
whether these children also show evidence of abnormal action representations.
Furthermore, including more motor tasks would have allowed for the examination of
whether any overlapping imitation deficits were specifically shared imitation problems,

or if actually the groups shared more broadly impaired praxis or motor skills.
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The NEPSY hand imitation task was selected as an additional imitation task, as
it represented a standardised task (unlike the MIT) that has previously been found to be
impaired in some studies with language-impaired children (Brookman et al., 2013).
However, while there were strong group differences on this task, many of the typically
developing children and children in the ANL group were at ceiling. Potentially, a harder
hand posture imitation task may have allowed differences between the ANL and TD
group to emerge, and this no doubt means that the correlations with the hand imitation
tasks are largely driven by deficits in the L1 and ALI groups, as there is so little

variation in the TD and ANL groups.

Finally, two children from the disorder groups were unable to properly do the
NEPSY finger tapping task, and one of these children was also non-compliant for the
NEPSY hand imitation task. The rest of the sample did do the task, but for a number of
the language-impaired children these tasks appeared to elicit some frustration, and
seemed to require extra encouragement to complete. | speculate that this may be related
to the fact that children with language impairments often exhibit motor difficulties, and
that these children may have been at least partly aware of their own motor impairments,
and did not want to do a task they knew they would do badly on. Several investigations
have noted that non-autistic children with language impairments suffer from reduced
self-esteem (Jerome, Fujiki, Brinton, & James, 2002), but no reports appear to have
considered the children’s understanding of their own motor problems. Arguably the
acceptance in the research community that motor impairments are the rule rather than
the exception in SLI has come relatively recently. It is interesting to consider that the
children themselves may have had some insight into their own motor difficulties,

perhaps preceding such insight from experimental psychologists.

4.4.2 Summary
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Limited group differences were found on tasks of motor imitation. Strong
associations were seen between verbal and motor imitation, though nonverbal cognitive
abilities and fine motor skills appeared to play an important role in this relationship,
suggesting that verbal and motor imitation may only be linked at their broadest levels.
Nonetheless, the relationship between hand posture imitation and nonword repetition
persisted, even after partialling out these factors. This task, the only task to showed
significant differences between language-impaired and normal-language groups, was a
task administered and scored live, and so was potentially subject to greater experimenter
bias. This study has highlighted the importance of blind scoring procedures in

behavioural tests in developmental disorders research.
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PART TWO: Mu suppression as a heurophysiological measure of the MNS

CHAPTER FIVE: Mu suppression in the past, present and future

5.1 Introduction

Mu is a rhythm observed in a typical human EEG, usually defined as the frequency band 8-
13Hz, thought to arise from the sensorimotor areas (typically electrode sites C3, C1, Cz, C2,
C4). When a person is at rest, the cells in the sensorimotor cortex fire in synchrony. When a
person performs, observes or imagines themselves performing an action, the firing of these
cells becomes desynchronised. This desynchronisation leads to reduced mu power, compared
to when the cells were firing together (Pfurtscheller, Neuper, Andrew, & Edlinger, 1997).
Changes in mu power (i.e. the strength of the mu frequency band) have been used in recent
years as a means to study the human mirror neuron system (MNS). Typically, investigations
examining these changes take the form of mu suppression studies, in which the power of mu
is compared between a baseline condition (in which an experimenter does not expect to excite

mirror neuron activity) and an experimental condition (see Figure 5.1).

Mu suppression studies have increased in number over the last decade. A recent meta-
analysis surveyed 85 studies conducted since 1990 (including data from 1,707 participants).
This included only studies that examined mu rhythm activity in typical participants, and used
an experimental paradigm that had an action observation condition or an action execution
condition (or both) (Fox et al., 2015). Of these 85 studies, 49 were conducted since 2010.
Cuevas, Cannon, Yoo, and Fox (2014) also note an increase in the use of mu suppression

studies with infants.
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Figure 5.1: Mu suppression experiments. Two conditions — a baseline condition (top) and an
active condition (bottom) — are represented here. Bold cells represent neurons firing. In the
baseline condition, the participant sits motionless. When at rest, the cells in the sensorimotor
cortex fire together, leading to higher power in the mu frequency band. In the active condition,
the participant is asked to move, generating motor cortex activity. This leads the sensorimotor
cells to fire out of synchrony, leading to reduced mu power. Change in mu power is indexed by
subtracting the baseline period from the active period. A negative value (suppression) indicates
motor cortex engagement.
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While mu suppression studies are on the rise, the human mu rhythm has a long history, going
back to some of the earliest EEG experiments, long before the discovery of mirror neurons.
One aim of this review is to give a brief overview of the history of mu, before its
reconceptualization as a proxy for MNS engagement. Furthermore, given the widespread and
increasing usage of mu suppression study designs to explore the existence, reactivity and
potential function of the human MNS, it is pertinent to consider current issues in mu
suppression studies — does this method represent a sufficiently reliable technique to infer
MNS involvement? Thus, a second aim of this review was to outline current problems in
contemporary mu suppression studies. Finally, while traditionally mirror neuron studies used
stimuli showing quite simple action observations, and the primary function of the MNS was

argued to be for action understanding (Gallese, Fadiga, Fogassi, & Rizzolatti, 1996;
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Pellegrino, Fadiga, & Fogassi, 1992; Rizzolatti et al., 1988) today theories about the role of
the human MNS have expanded to include links to language, social processes and autism
spectrum conditions (Gallese & Goldman, 1998; Gallese, 2008; Oberman & Ramachandran,
2007; Rizzolatti & Arbib, 1998). A recent meta-analysis reviewed mu suppression during
action observation (Fox et al., 2015), but mu suppression studies have moved well beyond
this domain now, using mu to investigate an extended list of potential MNS functions. In
light of any methodological issues in the field of mu suppression, this review also aimed to

consider what such mu suppression studies have revealed about the MNS

5.2 Mu suppression — a brief history

5.2.1 Early studies of mu suppression — “the rhythm en arceau”

The human mu rhythm was first described by the French scientist Henri Gastaut
(Gastaut, 1952, Gastaut et al., 1952), and was termed the Rolandic wicket rhythm, or the
rythme rolandique en arceau, due to the waves’ arch-like or wicket-like shape (see Figure
5.2). Early observations were that these waves seemed to arise from the rolandic regions, at a
rate of around 7-11 per second (today, the mu frequency band is commonly defined as 8-13

Hz).

Back in the 1950s, the mu rhythm was thought to be a rare phenomenon, and was
even considered indicative of psychopathology. Schnell and Klass (1966) identified mu in
just 2.9% of their participants. Gastaut et al. (1959 a, b) found mu in 14% of a population of
500 healthy male adults, and its occurrence was suggested to be related to psychopathic
personality traits. Gastaut and Bert (1954) proposed that the cause of the rhythms en arceau
could be the same cause of psychosomatic traits in neurotic individuals, suggesting “the
rhythm ‘en arceau’ is the rhythm of subjects ill at ease in their skin” (p. 441). Somewhat

later, a link between mu and epilepsy was also suggested, and there were even positive
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findings concerning the effects of mu biofeedback training and epileptic symptoms (Sterman,
Macdoland, & Stone, 1974). (This is particularly interesting in light of recent work linking
autism spectrum disorders to mu abnormalities, and attempts to use neurofeedback with this

population — See Section 3.3 Mu suppression studies of autism spectrum disorders.)

As noted in Niedermeyer and Silva (2005), the arrival of standardised caps made it
easier to routinely identify mu rhythms from EEG sites C3 and C4 (central sites situated over
the sensorimotor cortex), and new techniques for analysing EEG also established that mu
occurred more commonly than previously thought. Kuhlman (1978) noted that mu activity,
with its characteristic wicket shape, was rarely visually identified in the EEGs of their
participants, but power spectral analysis revealed it in around half of their sample. By
calculating coherence, Schoppenhorst and Brauer (1980) were able to identify mu in 60% of
their 54 participants, a much higher proportion than discovered previously. They also
suggested that effects of varying vigilance may contribute to difficulties in identifying mu in

participants.

As it became apparent that mu was not an unusual or particularly pathological
phenomenon, new theories emerged about what mu rhythms could be related to. One
prominent theory is that mu represents the resting activity in the sensorimotor cortex, and that
suppression of this rhythm reflects these regions of the brain becoming active (Kuhlman,
1978; Schoppenhorst & Brauer, 1980). Indeed, in Gastaut’s early studies it was recognised
that participants’ own movements blocked the mu rhythm, and further experiments found that
mu could be blocked not only by spontaneous movements but also passive movements, reflex

movements, and movements to command (Chatrian et al., 1959).
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Event related desynchronization or synchronisation (ERD/ERS) describes the
reduction or increase of a given power band. Largely, ERD and ERS are thought to reflect

cortical activation and idling, respectively. The basic principles of using
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Figure 5.2: Recordings published by Chatrian et al. (1959). The upper section shows the
effects of spontaneous thumb movements on the wicket rhythm. Section A shows the effects of
the movements of the left thumb, section B the effects of the movements of the right thumb, and
section C the effects of both thumbs. The lower section shows the effects on the rhythm from

flexing the thumb to command. Corresponding surface EMG recordings on the thumbs are
shown for each recording.
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ERD/ERS in relation to alpha/mu (8-13Hz) and beta 13-35Hz) band activity are documented
in Pfurtscheller and Lopes da Silva (1999). Using ERD/S, researchers have demonstrated the
reactivity of mu to participants’ own movements, and suggested that there may be different
types of mu rhythm, perhaps corresponding to different areas of the motor cortex
(Pfurtscheller & Neuper, 1994). However, it is mu’s reaction to other forms of stimuli that

have generated so much research over the last decade.

5.2.2 Mu suppression and the discovery of mirror neurons

As well as reacting to participants’ own movements, mu is suppressed by observing
the movements of others. Reports of mu suppression during the observation of movements
arose as scientists began to examine EEG responses to film projections. In a delightful old
paper by Gastaut and Bert (1954), the authors describe their observations of their
participants’ EEG while watching a film reel of a boxing match: “It [mu] decreases or
disappears completely when the subject changes his position on his seat or when he readjusts
his tonus. It also disappears when the subject identifies himself with an active person
represented on the screen. This phenomenon is particularly interesting to study during a
sequence of film showing a boxing match. A few seconds and, at times, less than a second
after the appearance of the boxers all type of rolandic activity disappears in spite of the fact
that the subject seems completely relaxed and that there is no noticeable change of posture.
The relation between the blocking of the "arceau” rhythm and the image of boxers in action
is unquestionable. In the middle of this particular film strip, the camera is suddenly turned
from the ring to the spectators in the hall for a few seconds. In many subjects the rhythm "en
arceau" reappears during this short period and vanishes again as the boxers reappear on the

screen.” (p. 439)
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In the 1980s, a team of Italian neuroscientists identified cells in the macaque brain
that fired both when the animal performed an action and when it viewed an action being
performed by another (Pellegrino et al., 1992; Rizzolatti et al., 1988). These cells were
subsequently named mirror neurons, and the observation that the sensorimotor cortex became
activated when viewing movement evolved into the mirror neuron theory of action
understanding (Gallese et al., 1996). Following the discovery of mirror neurons in the
macaque, the phenomenon of mu suppression took on a new interpretation. The responsivity
of the mu band arguably shows similar response properties to mirror neurons. Parallels were
drawn between mu and mirror neurons, and a reduction in mu activity was suggested to be a
signature of mirror neuron activity (Muthukumaraswamy & Johnson, 2004;

Muthukumaraswamy, Johnson, & McNair, 2004).

Original mirror neuron experiments in monkeys had suggested that mirror neuron
activity was related to goal-directed actions specifically, and classic mirror neuron study
stimuli involved a hand interacting with an object. In the animal literature, equivalent
movements not directed to an object do not cause mirror neuron activity (Pellegrino et al.,
1992). Mu suppression studies with human participants have found that stronger mu
suppression occurs when viewing another’s hand in a precision grip (i.e. a grip that could be
used on an object) rather than in a neutral, non-grip positon, and that object-interaction
produced greater mu suppression than conditions without object interaction
(Muthukumaraswamy & Johnson, 2004; Muthukumaraswamy et al., 2004). This object effect
has been proposed to support the notion that mu suppression is related to mirror neuron
activity in humans. Arguably however, a strict interpretation of the animal recording work
would suggest that mu suppression should not occur at all when viewing actions that do not
relate to an object. Instead, some authors have speculated that human MNS responses to non-

object directed actions is a key difference between monkey and human mirror neurons, and
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that this difference may represent a departure from our shared ancestors with other primates,
which may have played an important role in the evolution of language (Rizzolatti &
Craighero, 2004). However, studies also note that mu suppression may be measuring the
activity of areas downstream of mirror neurons, rather than mirror neuron areas per se

(Muthukumaraswamy et al., 2004).

5.3 Is mu suppression a good measure of the MNS?

5.3.1 The scientific quality of mu suppression studies

As mu suppression is already widely used in cognitive neuroscience to imply roles for
mirroring systems in higher social processes and clinical disorders, the question of whether
mu suppression is good a measure of mirror neuron activity is an important one. A recent
meta-analysis of mu suppression studies concluded that while mu suppression offered a valid
means to investigate MNS engagement, there were several limitations common in the
literature (Fox et al., 2015). These problems included issues relatively specific to the field of
mu suppression, including the fact that few studies report changes in alpha-band power at
sites other than the central electrodes (making it impossible to be sure that effects were not
being driven by changes in power elsewhere), and the related problems of attentional
differences between conditions. While echoing these recommendations, several other
problems exist in the mu suppression literature, some of which apply also to the wider field
of neuroimaging and psychology. These broader points are considered first, before discussing

some design issues specific to mu suppression studies.

Firstly, mu suppression studies generally suffer from low statistical power and small
sample sizes. In studies that use clinical groups such as autism this is perhaps more
understandable, as these groups can be hard to recruit and may also be less willing to undergo

neuroimaging than non-clinical participant groups. Where studies have used typical samples
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however, sample sizes well below what would be needed for properly powered statistical
analyses is less forgivable. It is intuitive to most that small sample sizes reduce the likelihood
of detecting a true effect. This may appear to mean that if an effect is found, even when the
sample size is small, then this effect must be true. However, this assumption is inaccurate — a
lack of power also means that significant effects are less likely to reflect a true effect. In the
field of neuroscience, low power has been argued to increase the risk of false-positives,
underlie overestimation of effect sizes, and lead to problems reproducing effects in
subsequent studies (Button et al., 2013). How many participants are required for a given
study depends on a number of factors including analytical design, number of conditions, the
expected effect size, correlations between measures, and more. Thus, there is no set number
of participants that a mu suppression study should include. However, as a rough guide, a
repeated measures design with 2 factors each containing 2 levels analysing its data with a
two-way ANOVA, would need 40 participants to be sufficiently powered to detect a medium

sized effect with 90% power.® To detect an interaction, 47 participants would be needed.

Secondly, mu suppression is a phenomenon with substantial analytic flexibility, and
this is another known risk factor for poor reproducibility (loannidis, 2005). For instance, mu
suppression studies vary on what frequency band is considered “mu”. Frequency bands are
not distinctive categories but are flexible ranges that have arisen from the EEG literature,
which means that mu suppression papers can employ slightly different frequency bands from
each other. Some have argued that the correct frequency band may have to be calculated from

individual to individual, akin to functionally defined sites in MRI (Pfurtscheller & Lopes da

& This was calculated using G*Power (Faul, Erdfelder, Lang, & Buchner, 2007). 90% power is the
minimum accepted by most journals offering pre-registration. A conservative estimate of
nonsphericity correction was employed — and indeed it is typical for this assumption not to be met. |
balanced this conservativism by entering a relatively high correlation between the measures : 0.7,
higher than that reported by mu suppression study of Tangwiriyasakul, Verhagen, van Putten, and
Rutten (2013) . Lowering this correlation would increase the number of participants needed, and
relaxing the nonsphericity correction would reduce the number of participants needed.
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Silva, 1999). Indeed, this could be especially important if mu is to be used for neurofeedback,
and methods for calculating individual frequency bands have been proposed (Pfurtscheller &
Lopes da Silva, 1999). While there may indeed be a theoretical rationale for splitting the mu
rhythm, or selecting a higher or lower or narrower or wider band to examine, these decisions
are free to be made after EEG data has been collected and initially analysed. This leaves
scope for researchers to select a frequency band that provides the best results to fit their
hypothesis. A positive step forward taken by some studies is the use of more sophisticated
analytical techniques, using independent components analysis (ICA) to extract components
that represent mu. This would seem to represent a more objective approach to examining the

response properties of the mu rhythm.

Related to the issue of analytic flexibility is that of studies calculating a large number
of correlations, or running ANOVAs, without proper correction for multiple testing. These
studies are arguably of an exploratory design, and need to be considered as such. While
ANOVA s effectively correct for the number of levels within a given factor, they do not
automatically correct for the number of factors, or the number of potential interactions
between factors. For example, a three-way ANOVA is testing for three main effects, three
two-way interactions, and one three-way interaction. In such an ANOVA, the probability of
finding no significant effects at all (if alpha is set to 0.05) is 0.95 * 7 = 0.70. Thus, the
likelihood of finding a significant main effect or interaction is 30%. For a four-way ANOVA
this likelihood increases to 54%. ANOVAs are not only problematic in mu suppression
literature, but in the wider EEG field and behavioural sciences as well (Cramer et al., 2014;

see also the blogpost by Bishop (2013) for a discussion of these issues in relation to EEG).

5.3.2 The problem of alpha
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More specific issues in mu suppression work are difficulties ensuring that changes in
the 8-13Hz frequency band are really arising from sensorimotor areas, and not other regions
in the brain. Activity in this frequency band, commonly called alpha-band activity, occurs all
over the head, and changes in it have been implicated in a number of processes. What is
alleged to distinguish “mu” from occipital “alpha” is topography and responsivity — while
alpha arises from the occipital cortex and reacts to changes in visual stimulation and
attention, mu arises from the sensorimotor areas, and responds to participants’ own

movements.

Perhaps the studies best placed to shine light on this are those that have considered
how well mu suppression correlates with other measures purporting to measure the MNS.
Such investigations include those that have concurrently taken EEG and fMRI recordings,
with the view to investigating whether these two measures were in good agreement, and if mu
suppression could serve as a cheaper, more accessible way to study the mirror neuron system
(Arnstein, Cui, Keysers, Maurits, & Gazzola, 2011; Braadbaart, Williams, & Waiter, 2013;
Mizuhara, 2012; Perry & Bentin, 2009). Broadly, the results have been positive — the BOLD
responses in brain areas considered to be part of the human MNS (including the inferior
parietal lobe, dorsal premotor and primary somatosensory cortex) correlated with mu
suppression. However, despite these correlations, authors have warned that their results also
suggest that mu suppression may also be reflecting activity from other networks, including
regions involved in visuomotor processes that are not part of the mirror neuron system

(Braadbaart et al., 2013; Perry & Bentin, 2009).

Another putative measure of MNS activity is TMS-induced motor evoked potentials
(MEPSs). Lepage, Saint-Amour, and Théoret (2008) combined EEG and TMS to investigate
the relationship between these two measures. As in previous studies, a significant increase in
the MEP amplitude and suppression of mu during action observation, imagination and
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execution were shown — but there was no correlation between these measures. Other evidence
for mu suppression validity comes from MEG studies. MEG is considered superior to EEG in
its ability to spatially localise sources. In MEG mu-suppression studies, the areas
significantly modulated by observation and execution are the sensorimotor cortices, but
effects are also found at occipital areas (Muthukumaraswamy & Singh, 2008;

Muthukumaraswamy et al., 2006).

One of the key issues with mu suppression is its overlap with the alpha frequency
band. Inadequate separation of mu from alpha could potentially mean that reported changes
in mu to certain stimuli are actually changes in alpha, and differences in attention between
conditions. For example, Aleksandrov and Tugin (2012) measured mu suppression during a
range of control conditions, including periods of mental counting, or watching the movement
of a non-biological objects, conditions in which we would not predict mirror neurons to
become active. Yet mu suppression during these conditions was not significantly less than in
conditions in which participants observed human actions. Furthermore, their most
attentionally demanding tasks appeared to produce the strongest mu suppression, suggesting
that mental effort could confound mu studies. Similarly, Perry and Bentin (2010) highlight
that the significant differences between conditions in their mu suppression study may have
been due to differences in attentional demands, rather than differences in the activity of
mirror neurons, after finding a comparable pattern of changes in 8-13 Hz power at both
occipital and central electrodes. One of the classic markers for alpha is the blocking of eye-
opening; in one study, eye opening had the biggest effect on mu suppression, greater than any

of the experimental conditions (Cuellar, Bowers, Harkrider, Wilson, & Saltuklaroglu, 2012).

It is well documented that alpha activity is tied to alertness and cognitive effort, and
some of the earliest reports noted that this was also the case for mu. Chatrian et al. (1959;

1976) reported that mu waves depended on changes of vigilance, and that mental arithmetic
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(Chatrian et al., 1959) or problem solving (Creutzfeldt, Grunewald, Simonova, & Schmitz,
1969) suppressed the mu rhythm. Schoppenhorst and Brauer (1980) state: “While visually
evaluating routine EEGs we noted that mu waves were remarkably unstable. On closer
observation we found that this ability could be attributed to slight changes in the degree of
vigilance, often hardly discernible from changes in the alpha rhythm” (p. 25). And later:
“They are very unstable due to their dependence on the degree of vigilance and can be

suppressed both by an increase or a decrease in vigilance” (p. 31).

Perry and Bentin (2010) caution that mu suppression studies should report effects (or
lack of effects) at the occipital sites, as well as the central sites, in order to understand the
phenomenon being studied. Yet mu suppression studies that have considered the activity at
the occipital electrodes have had mixed findings. In their concurrent TMS-EEG study,
Lepage et al. (2008) found that 8-13 Hz power at the occipital sites was indeed supressed
during conditions when participants observed actions, or imagined themselves performing
actions. In contrast, mu suppression studies investigating abnormal mu responses in autistic
participants have reported that other than C3, Cz, and C4, no other electrodes showed a
consistent pattern of suppression, suggesting their pattern of results could not have arisen due
to confounding from changes in occipital alpha (Bernier, Dawson, Webb, & Murias, 2007;

Bernier, Aaronson, & McPartland, 2013; Oberman et al., 2005, 2008).

Related to issues around alpha and attention, the choice of baseline technique in mu
suppression experiments is very important, and could have an important role in whether mu
suppression is observed or not. As pointed out by Pfurtscheller and Lopes da Silva (1999)
“the ERD is measured in the percentage of power relative to the reference interval and
therefore it depends on the amount of rhythmic activity in this interval” (p. 1847). Baselines
of inactivity (where participants receive no stimulation and are asked to sit quietly) may

inflate alpha power during the baseline period. Then, when the experimental conditions are
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subtracted from this period, there is increased likelihood of observing a significant decrease
in the 8-13 Hz band, which is interpreted as mu suppression and thus motor cortex or MNS
engagement. Potentially, different choices of baseline may contribute to inconsistent findings
in mu suppression literature. While the meta-analysis by Fox et al. (2015) suggested that
baseline did not affect whether or not mu suppression was observed, other studies have
highlighted potential problems with certain baseline techniques (Hobson & Bishop, in press;

see Chapter 6).

5.3.3 Mu suppression beyond action understanding

Having laid out the potential shortcomings of mu suppression, we now explore
findings from studies that have used this technique to explore the role of the MNS in a
number of different functions. While originally the MNS was proposed to function primarily
as a substrate for action understanding, the list of potential roles the MNS could play soon
expanded. Language, theory of mind, and empathy have all been suggested to have a root in
the mirror neuron system. If mu suppression is a sufficient measure of the human mirror
neuron system, and if the mirror neuron system is involved in these processes, then one
would expect to see mu suppression during tasks that involve language, theory of mind, and
empathy. Here, the evidence from mu suppression studies for mirror neuron involvement in

each of these processes is explored.

5.4 Mu suppression during language tasks

The suggestion that perhaps language could have a close relationship to the human
mirror neuron system has arisen via a number of overlapping and interconnected theories.
The first is the motor theory of speech perception (Liberman & Mattingly, 1985). This theory
(proposed originally quite independently of and without reference to mirror neurons) argued

that producing and perceiving speech relies on the same structures and processes, and that
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speech is thus perceived by listeners as a series of gestures or motor commands. While there
is superficial parity between the motor theory of speech perception and mirror neurons,
language researchers have pointed out that the motor theory of speech perception has long
been considered incorrect, and that the revival of this theory following the discovery of
mirror neurons has done little to address old problems with the theory (Lotto, Hickok, &

Holt, 2009).

The second theory connecting the MNS and language is an evolutionary one, in which
a primitive observation-execution matching system is argued to have supported early
communication, followed by the development of a more sophisticated MNS which enabled
speech. It has been proposed that language may have begun in our ancestors as a mimetic
gesture-based communicative system (Bates & Dick, 2002; Corballis, 2003; Donald, 2005;
Rizzolatti & Arbib, 1998). Broca’s area (a key language area and possible homolgue for F5,
the area of the macaque brain in which mirror neurons were originally discovered) has a
central role in the evolutionary MNS-language theory; Rizzolatti and Arbib (1998) suggest
that Broca’s area was originally a region that served action recognition rather than language,
and that this was a “neural prerequisite” for the evolution of communication and eventually
speech. (In fact, previous authors had speculated that mu suppression was most likely being
generated by Broca’s area, but the findings of the concurrent fMRI-EEG study by Arnstein et
al.’s (2011) do not support this notion.) Such evolutionary theories about mirror neurons
would suggest that these cells” mirroring properties are innate — this has been disputed by
authors who have argued that mirror neurons could quite well arise due to associative

learning (Heyes, 2010, 2013).

A third theory linking the MNS and language is the notion that language is
“embodied”, and that the existence of the MNS provides evidence for this embodiment.

Embodied cognition accounts have been suggested for a number of different domains and
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processes, including action understanding (Grafton, 2009) and executive function (Koziol,
Budding, & Chidekel, 2012). Broadly, embodied cognition accounts argue that cognition is
grounded in perception and action, and true understanding of cognition therefore requires an
appreciation for the environment and the resultant perceptual experiences of the organism,
and the actions they perform as they move through their world (however, embodied cognition
theories are very diverse in their claims — see Wilson, 2002). Language has been considered
from an embodied cognition framework (Fischer & Zwaan, 2008; Gallese, 2008), and as
described by Gallese (2008), the embodiment process can be considered at multiple levels —
the “vehicle level” (this is essentially the motor theory of speech perception), and the
“content level” (the semantic content of words). Thus, this theory encapsulates and expands
beyond the motor theory of speech perception — motor resonance is not just for articulatory
gestures, but for the content of the sentence itself. For example, hearing or reading the word

“kick” may lead to the simulation of “kick” in the hearer’s motor cortex.

Having laid out the theoretical links between language and the mirror neuron system,
what do mu suppression studies suggest about the role of mirror neurons in language and
speech processing? Studies examining mu suppression and language have examined both
auditory and visual stimuli, and stimuli at the level of phonemes and meaningful sentences.
Evidence for mu suppression during speech sounds is considered first, followed by

suppression during sentences.

Before examining the findings from studies of auditory speech stimuli, many mu
suppression studies have been largely concerned with object-hand interactions. Is mu
suppression also observed when participants view mouth and face movements? Findings
from MEG studies had previously suggested that mu suppression was limited to oro-facial
movements that were not linguistic. In agreement with previous findings of an object-effect

with hand stimuli, Muthukumaraswamy, Johnson, Gaetz, & Cheyne (2006) found that mouth
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movements directed towards an object (a straw) produced the strongest mu suppression,
compared to object-less mouth movements, and linguistic mouth movements. Linguistic
mouth movements however produced no significant changes in mu power from baseline,
leading the authors to conclude that linguistic stimuli are processed differently to other
human movements. However, EEG studies have suggested that mu suppression does occur
when participants view visual speech stimuli. Crawcour, Bowers, Harkrider, and
Saltuklaroglum (2009) investigated mu responses to both visual and auditory speech stimuli.
Their 14 participants were presented with 9 conditions with different audio-visual pairings,
which included visual or auditory speech, visual or auditory noise, and non-biological stimuli
(a kaleidoscope pattern or a tone). The only conditions to induce significant mu suppression
were those with visual speech stimuli. Conditions in which speech sounds were presented
without visual lip movements failed to produce significant mu suppression, suggesting that
mu suppression during speech is actually dependent upon visual stimuli being present.
(However, it should be noted that this study only examined data from the central electrodes.
The extent to which attentional differences between condition could have driven the effects is

thus unclear.)

Despite these findings, other studies have found mu suppression to auditory-only
stimuli, but task demands may have an important role in determining whether mu suppression
is observed. Cuellar et al. (2012) investigated mu suppression during different speech
processing tasks, with varying task demands. Their stimuli were auditory only. In the first of
their two experiments (using 10 participants), only their most demanding task induced mu
suppression, and only in electrode C3. They suggested that this indicated left-lateralised
sensorimotor activity when discriminating speech in noise (and only when considering 10-
12Hz sub-band). In experiment two (with 13 participants), significant suppression was found

only in a task requiring participants to segment the speech stimuli into phonemes, and again
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only in electrode C3. Collapsing speech versus tone conditions did produce a significant
effect that suggested mu suppression is stronger to linguistic stimuli than general auditory
stimuli such as tones. This study only examined changes in power at the central electrodes,
however the effects of task demand would seem in keeping with attention and alpha effects.
Similar to Cuellar et al. (2012), in their study with 16 participants Bowers, Saltuklaroglu,
Harkrider, and Cuellar (2013) found that passive listening to speech sounds did not induce
significant mu suppression compared to passive listening to noise, but that active listening (in
which participants had to make a judgement about the sounds they heard) did lead to mu
suppression. Together these studies suggest that auditory stimuli can lead to mu suppression,
but passive listening to speech is ineffective for suppressing mu. Only active listening
(requiring discrimination or segmentation) seems to lead to suppression, when the stimuli are
auditory only. This would suggest a somewhat limited link between mu suppression and

everyday speech processing.

One of the key findings in the mu suppression literature on action understanding is
that mu suppression is observed both when a participant performs a movement and when they
observe the movement of another. Indeed, it is this pattern of responses that led to mu being
suggested as a proxy for mirror neuron engagement in the first place. It is therefore important
for researchers looking to use mu suppression to suggest a role of mirror neurons in the motor
theory of speech perception to compare mu activity in the perception and production of
speech. This is non-trivial, as asking participants to produce speech during an EEG is likely
to create movement artefact. However, two studies do suggest that mu suppression occurs

during the production and perception of speech.

Tamura et al. (2012) conducted two experiments with 16 and 11 participants, the first
of which examined mu rhythm responses during finger tapping, tongue movements, and

articulation of speech sounds (with and without vocalisation). Mu suppression was seen in all
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conditions (though it was weakest for articulation with vocalisation, possibly due to the high
rate of trials rejected for movement artefact), showing that mu responses were not limited to
participants’ hand actions but could be demonstrated in speech production as well. Given the
difficulties with actual production, the second experiment investigated mu suppression during
imagined speech production. Participants initially recorded themselves reading out sentences.
Then, while silently reading other sentences during an EEG, the participants heard either their
pre-recorded selves normally, with delayed feedback, or with noise added. Finally, in one
condition, the participants read the sentences in silence (without the recordings of themselves
reading). Mu suppression was found in all these conditions, and Tamura et al. (2012) argued
that their results demonstrated mu suppression during imagined speech production. However,
a key limitation of this study is that production and perception conditions were in two
separate studies — a crucial test of mirror neuron functioning would be demonstrating mu

suppression both during perception and production of the same stimuli within the same study.

An interesting approach was taken by Jenson and colleagues (Jenson, Thornton,
Saltuklaroglu, & Harkrider, 2014; Jenson, Bowers, et al., 2014) who investigated mu
components derived from ICA (independent components analysis) using 20 participants. ICA
is a technique used to decompose an EEG signal into independent components (see Onton,
Westerfield, Townsend, & Makeig, 2006 for a review of the use of ICA in EEG), and offers
quite a different analytical approach to mu suppression than those usually employed. Using
ICA, researchers can investigate the presence of a mu component, and whether its response
properties match what would be expected of a mirror neuron system involved in language
processes. In the study by Jenson et al. (2014), ICA identified a mu component common to
conditions requiring imagined speech production, actual production, and the perception of

speech sounds (during a discrimination task).
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While these studies focused largely on mu’s responses to speech, few studies have
investigated the role of mirror neuron systems and mu in semantic aspects of language, the
“content level” described by Gallese (2008). Van Elk, van Schie, Zwaan, and Bekkering
(2010) investigated EEG responses in 24 participants to visually presented sentences, in
which either humans or animals performed actions (e.g. “the duck swims in the pond” versus
“the woman swims in the pond”). They considered several EEG measures, including mu
suppression, beta suppression and the N400. If motor cortex activation is related to motor
imagery, human actions (being easier to imagine than animal actions) should show stronger
effects. Alternatively, if motor cortex activation is related to the retrieval of lexical-semantic
information, they argued that stronger effects should be seen in the animal context. This is
because the animal noun limits the range of verbs that could follow, as verbs following
animal nouns generally have higher cloze-probability (for example, in the sentence “the duck
swims in the pond” the probability of the word “swims” following “duck’ is much higher
than it following the word “woman” in “the woman swims in the pond”). Considering mu
responses alone, stronger mu suppression was observed for the animal sentences. However,
this was not modulated with the cloze-probability of the independent sentences (although
both beta and N400 were). As two out of three of the EEG phenomena showed patterns in-
keeping with the lexical-semantic retrieval hypothesis, the authors’ conclusion that motor
cortex engagement in these tasks represents the retrieval of lexical-semantic information is
not unreasonable. However, the mu responses in this study are not easily interpretable, fitting

with neither hypothesis laid out by the study’s authors.

A study using 30 participants by Moreno, de Vega, and Leon (2013) used mu
suppression to examine motor cortex engagement when hearing either concrete-action
sentences (e.g. “Now I cut the bread”) or abstract sentences (“Now I doubt of the plan”). In a

separate condition, participants were also shown actions (not exactly the same as those
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described in the sentences) in video clips. Listening to action sentences and observing human
actions was found to result in significantly greater mu suppression than listening to abstract
sentences. Approaching these results from an MNS framework, this study would suggest that
the role of the motor cortex (and mirror neurons) must be limited to verbs or words that have
a motor association or a performable action. Thus, the mirror neuron system must only
underpin certain sub-sections of language comprehension, and another system must support
our ability to comprehend sentences such as “Now I doubt of the plan”. Alternatively, these
findings are in keeping with an associative account, similar to the associative account of
mirror neuron development (see Cook, Bird, Catmur, Press, & Heyes, 2014). Quite possibly
action words become associated with performing an action or viewing that action being
performed, due to these words often being said or heard when performing or viewing actions.
Hearing these verbs therefore activates the motor cortex via these learned associations, but
the activation could be epiphenomenal, rather than playing an active role in verb
comprehension. (One final issue noted with the analysis of this paper is there seemed to have

been no corrections made for the number of factors entered into their ANOVAS.)

5.4.1 Summary of mu suppression in language tasks

Mu suppression studies of language have mainly concentrated on speech perception
and production, as opposed to semantic understanding. Such studies have returned rather
mixed findings, but many do report suppression during at least some tasks. Some researchers
also have advocated investigating mu suppression in broader communication disorders,
though no studies of mu suppression in language-impaired populations have yet been

conducted (Le Bel, Pineda, & Sharma, 2009).

Considering the evidence for mu suppression in speech perception (as opposed to

language comprehension), suppression seems more likely to occur during tasks that require
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additional processing, beyond passive listening. Two theories could account for this. Firstly,
the recruitment of motor areas only occurs when speech processing is sufficiently demanding.
Motor areas are effectively “drafted in” as an additional resource for the task (which would
suggest that motor-cortex based speech perception is not the only means to process speech
sounds, and acts as an additional support, rather than a core process in speech perception) (for
example, see Szenkovits, Peelle, Norris, & Davis, 2012). The second theory is that when
speech perception (or perhaps any) tasks become sufficiently difficult suppression in the
alpha-band is seen due to attentional effects. Alpha-band activity occurs all over the head, not
just in the sensorimotor cortex, and changes in task-engagement and mental activity can lead

to suppression of the 8-13 Hz band, potentially quite independent of motor cortex activity.

Finally, there is also a lack of studies that examine mu suppression in both perception
and production within the same experiment, a test that seems crucial given the crux of the
motor theory of speech perception is the overlap between substrates supporting perception
and production. The approach taken by Jenson et al. (2014) represents an interesting way
forward, and suggests mu is reactive to both speech perception and production. However, a
study that replicates this finding and demonstrates this reactivity is specific to speech stimuli

(i.e. not tones or other auditory stimuli) is yet to be conducted.

In sum, it is debatable to what extent speech and language tasks lead to mu
suppression independent of other potential confounds, or to what extent mu responses to
speech stimuli align with what would be expected if the MNS plays a key role in speech and

language processes.

5.5 Mu suppression in social processes

Following on from the original theories purporting that the MNS underpins action

understanding, researchers have used mu suppression techniques to investigate the activation
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of the MNS in a number of related higher social processes, including empathy and theory of
mind. Furthermore, there have been several investigations using mu to assess the role of the
MNS in perceiving biological motion. Findings from mu suppression studies examining these
skills are reviewed in turn here. Theories that link the MNS to empathy are highly similar to
the theories that link the MNS to the separate but related construct of theory of mind.
Therefore, these theories will be briefly discussed together, before examining the evidence

for mu suppression during these different processes.

55.1 Empathy

One theory proposed to explain how we understand and empathise with the thoughts,
feelings and beliefs of others is simulation theory. This theory posits that the same mental
resources used in our own thinking and emotional responses are also used to understand the
thoughts, feelings of beliefs of others (Davies & Stone, 1995). (An alternative to simulation
theory is “theory” theory — the notion that understanding others draws on empirical
knowledge.) Related to simulation theory is the perception-action model of empathy (Preston
& Waal, 2002), which argues that empathy is based on neural simulation — seeing others
performing actions, or expressing emotions, engages the same neural networks for the
execution of action, or the experience of the same emotions, in ourselves. This engagement
leads to associated autonomic and somatic responses. We feel what the other person is
feeling. The perception-action model could reasonably be considered to be a biological-level
account of the cognitive model of simulation theory, and the human mirror neuron system
could be posited to be this site of perception-action linkage. If the MNS has a role in
empathy, then tasks considered to require it or cause it should result in greater mu

suppression than tasks that do not.
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Evidence for MNS engagement during empathy-related tasks was examined by
Moore, Gorodnitsky,and Pineda (2012). They considered their 22 participants’ mu responses
while viewing (happy or disgusted) faces, or buildings. The viewing of faces was
administered under two conditions — in one, participants were asked to empathise with the
person they viewed, and in another they were asked to rate how attracted they were to the
face. In the buildings condition, participants rated how much they liked the building. Greater
suppression was obtained when participants viewed faces as opposed to buildings, although
there was no effect of the empathy/non-empathy condition, and buildings produced

significant suppression too.

Two theories are posited to explain these results — one is that an empathic response
(and a mirror neuron response) to faces is automatic, and thus there is no effect of asking
participants to empathise or not, as the activation of the MNS occurs anyway. An alternative
hypothesis that the authors concede is that as no facial EMG was recorded participants might
automatically (and unconsciously) mimic the facial expressions of the faces they view.
Participants’ own facial movements would lead to motor cortex engagement, and thus mu
suppression. The finding of significant mu suppression to buildings is argued to need more

research.

Perry, Bentin, Bartal, Lamm, and Decety (2010) examined mu responses to viewing
painful or non-painful stimuli. Twenty-eight participants viewed pictures of “painful” (a hand
being pricked with a needle) or “non-painful” (a hand being touched by a cotton bud) stimuli.
They were also told that some of these pictures were of a patient with a rare disease in which
the needle would not cause pain, but the cotton bud would. Significant suppression of alpha-
band activity was seen to painful stimuli - including when participants viewed cotton buds
touching the purported patient’s hands (demonstrating empathy). Strongest suppression for

stimuli arose from the occipital rather than the central regions, but the authors argue that the
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actual pain effect (stronger suppression to painful versus non-painful stimuli) arises from the
central and frontal regions, rather than the occipital (however, they failed however to achieve

a significant site by pain interaction).

The studies detailed so far consider average mu responses to different conditions,
requiring or not requiring empathy. A different line of inquiry has examined individual
differences in empathy and MNS activity, using mu suppression as a measure of MNS
engagement. Indeed, some studies have suggested that female participants exhibit stronger
mu suppression than males (Cheng, Tzeng, & Decety, 2006; Cheng, Lee, et al., 2008), a
difference purported to be related to gender differences in empathy, and also to complement
the extreme male brain theory of autism (Baron-Cohen, 2002). Furthermore, several studies
have also investigated correlations between individual mu suppression, personality traits and
self-reported social and empathy skills. Cheng et al. (2008) noted a positive correlation
between mu suppression and the personal distress subscale of the interpersonal reactivity
index (IRI), and suggest that “the EEG mu rhythm can be a potential biomarker of empathic
mimicry”(p. 4). They also noted a negative correlation between mu suppression and the

systemising quotient (SQ), a dimension related to the extreme male brain theory of autism.

However, the significance of these correlations is doubtful. Firstly, the IRI has four
subscales, and the authors also report using the empathizing quotient, systemizing quotient
and emotional contagion scale. Thus, there were seven measures which were investigated for
a correlation with mu suppression, but the authors do not report any corrections made for
multiple tests. Furthermore, the effect sizes of these statistically significant correlations are
small. Across their 40 participants, the correlation between the systemising quotient and mu

suppression was -0.124, and for the personal distress scale it was 0.118.
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Other studies have found moderate relationships between mu responses and
questionnaires. In a later MEG study, this group considered mu suppression to viewing
painful versus non-painful stimuli, and found a correlation between mu suppression and the
perspective taking subscale of the IRI of 0.36 and 0.37 (the correlations were given separately
for the right and left hemispheres respectively) (Cheng, Yang, Lin, Lee, & Decety, 2008).
Woodruff, Martin, and Bilyk (2011) investigated the relationship between mu suppression
and self-other discrimination, a key component of contemporary theories about empathy and
perspective taking. In their sample of 39 participants, they found a moderate correlation
between the perspective taking component of the IRI, and the difference between mu power
between execution and observation conditions. The greater the difference, the higher the

score on the questionnaire (r =-0.36).

Yet other studies have reported failing to find correlations between mu suppression
and measures of empathy (Moore et al., 2012; Silas, Levy, Nielsen, Slade, & Holmes, 2010;
Perry, Troje, & Bentin, 2010. The latter study actually found a significant correlation
between mu suppression and empathy is the opposite of the predicted direction). When Silas
et al. (2010) investigated the associations between socio-emotional scales, mu suppression
and gender in their sample of 33 participants, they did find that mu suppression was stronger
in females, and that females scored higher on self-report socioemotional questionnaires — but
there were no correlations between individual differences and mu suppression. They suggest
that while the sex difference in mu suppression may be real, it is unrelated to socio-cognitive

abilities.

Leading on from work on empathy, social scientists have also considered how mu
suppression may be used to study the neural mechanisms for intergroup relations and
prejudice. Drawing on the perception-action model of empathy, Gutsell et al. (2010)

hypothesised that individuals with more prejudice would show reduced mu suppression to the
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outgroup: “These [intergroup] biases... might be a manifestation of a more basic and general
bias: perception—action-coupling for gross motor responses — the physiological process
thought to be at the core of interpersonal sensitivity — might be impaired in response to
disliked outgroups. Such a fundamental bias, would not only make it difficult to empathize
with outgroup members’ suffering, but also to understand their actions and intentions,
potentially hampering smooth intergroup interactions and communication” (p. 842). In a
sample of 30 Caucasians, Gutsell et al. (2010) found significant differences between the mu
suppression towards ingroup versus outgroup members, and significant correlations between
prejudice scores and mu suppression towards outgroups. The correlation they report is
moderately large (r = 0.52). (Arguably, one could link Gutsell et al.’s findings to those of
Oberman et al. (2008), described in the later in Section 5.6 Mu suppression studies of autism
spectrum disorders. Oberman et al. (2008) found that mu suppression in their autistic sample
was modulated by familiarity with the model — presumably ingroup members are much more
familiar with their own group.) Gutsell and Inzlicht (2013) discuss further research that
followed on from these findings, which suggests that mu-suppression biases can be modified
by engaging participants in a perspective-taking task, and that mu-suppression biases

correlate with beliefs about genetic overlap between different racial groups.

5.5.2 Theory of mind

Despite considerable amount of research on empathy and mu suppression, only one
study was found that used mu suppression to investigate MNS involvement in theory of
mind. Pineda and Hecht (2008) argue their mu suppression study of 23 participants provides
evidence of a dissociation of different theory of mind routes. They appeal to a theory of mind
framework by Tager-Flusberg and Sullivan (2000) which suggests that theory of mind could
be considered as having socio-cognitive and socio-perceptive components. (One could

broadly link the socio-perceptive component to the simulation account of theory of mind
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outlined earlier, while the socio-cognitive account may be thought of as similar to the

“theory” theory of mind approach.)

Pineda and Hecht (2008) employed tasks argued to measure these different socio-
perceptive and socio-cognitive components. To measure socio-perceptive processes, they
used a task that required participants to match images of eyes, based on the eyes’ emotion,
race or gender (the latter two acting as control tasks). For the socio-cognitive processes, they
used a cartoon task, in which participants guessed the last panel of a comic strip. The comics
require either mental attribution (understanding what the person is intending to do), or an
understanding of physical causality. For the physical causality comics, some contained
characters, but intention reading was not required (e.g. seeing someone’s scarf blown off by
the wind), while others contained no characters at all (e.g. seeing a bomb explode). The
authors argue that their results support a distinction between socio-cognitive and socio-
perceptive tasks, and that the MNS is more involved in socio-perceptual than in socio-
cognitive tasks. This would be in keeping with the notion that the MNS underlies a

simulation mechanism that allows us to experience and understand others’ minds.

However, the results of this study are difficult to interpret. A direct comparison of the
strength of mu suppression in the socio-cognitive and socio-perceptive tasks is not reported -
S0 it is not possible to say whether socio-perceptive tasks result in greater mu suppression.
Furthermore, the pattern of suppression across the tasks does not clearly demonstrate a
difference between socio-cognitive and socio-perceptive tasks. For example, while significant
suppression was seen during the emotion matching task, significantly stronger suppression
was seen during the race-matching task (though the authors interpret this as showing mirror
neuron activity while participants make these race judgements). The authors also argue that
the task with comics depicting physical-causality with characters is actually a socio-

perceptive task, as there are correlations between this and the emotion eye-matching task. Yet
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it is difficult to see why this physical-causality comic task would tap in the MNS, yet the
intention-reading comic task would not. The key difference between these two tasks was the
need to infer intention. This would seem, at face value, to be exactly the kind of skill the
MNS was originally proposed to underlie. Pineda and Hecht (2008) argue that the intention-
reading task is more of a “theory” theory task, requiring empirical knowledge and social-
cognition, while the physical-causality character and emotion eye-matching task are socio-
perceptive tasks, resulting in MNS activation. However, the distinction between these two
types of comics (with one being called a socio-cognitive task and the other a socio-perceptive
task) feels arbitrary (especially considering the authors conclude that probably both routes are

active in both tasks, and mu suppression occurs in all of them).

5.5.3 Biological motion

Several studies have considered mu responses to biological point light displays. These
displays are image sequences created by marking the limb movements of moving bodies with
lights. These stimuli offer a solution to the problems of presenting well-matched stimuli to
investigate mu’s responses — social versus non-social stimuli typically differ on a number of
basic perceptual factors, while point-light displays allow for a tighter control over such

variables.

Mu suppression to these displays has been argued to evidence that mirror neurons are
involved in the processing of biological motion. In a study of 20 participants, Ulloa and
Pineda (2007) found significant mu suppression to biological point light displays, but not
scrambled motion displays. They argued that their effects were not due to attentional
differences, as performance on a continuous performance task did not differ between these

conditions — however, no results are reported for regions outside the central electrodes.
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In fact, other authors examining mu suppression to point light displays have warned
about potential confounding effects from occipital alpha and attentional differences in the
different conditions. Perry, Troje and Bentin (2010) examined participants’ ability to
recognise the different dimensions represented in the point-light displays (emotion portrayed,
gender of the model, direction of walking, and direction of rolling for the non-biological
point light displays). Participants were slower and sometimes less accurate to make decisions
about some of the social dimensions represented in the displays (emotion, gender, intention)
than direction of rolling in the non-biological motion condition, suggesting that these tasks
were not matched for task difficulty. Furthermore, in the analysis of their EEG data of 24 of
their participants, they report results from the occipital regions which showed significant
alpha suppression across the conditions, and a pattern of suppression similar to that found at
the central sites. Possibly, the authors suggest, biological point-light displays may attract
more attention, as these factors have higher ecological value (e.g. needing to know whether

someone is walking towards or away from you).

5.5.4 Summary of mu suppression in social processes

The findings so far relating mu suppression to social processes are varied. Studies
attempting to use mu suppression as an individual differences measure of the mirror neuron
system seem particularly problematic. Few strong correlations have been observed (almost
none that survive corrections for multiple comparisons), and it is unclear whether other
theories not pertaining to mirror neurons could account for some of the findings. Certainly,
many studies do not sufficiently consider the potential confounds of alpha or attentional
effects in their designs (Perry, Troje, et al., 2010 is a notable exception that clearly
demonstrates the importance of considering such issues). For example, it seems quite

plausible that viewing ingroup and outgroup members could have differential attentional
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effects. Ingroup members may therefore be more likely to engage our attention, suppressing

alpha (rather than mu).

Another consideration is whether participants’ own movement could confound the
effects. Participants generating their own movement would obviously lead to motor cortex
engagement and mu suppression. Therefore, if conditions are able to vary in the amount of
movements participants performed, these differences could confound the results of mu
suppression studies. Instructing participants not to move may not always be enough, as there
is evidence that individuals may mimic others without awareness; automatic mimicry is a
phenomenon in which individuals unconsciously mimic the actions or postures they perceive
in others. Indeed, automatic mimicry could feasibly mediate reported relationships between
empathy and mu suppression as there is evidence that high-empathy participants mimic more
than participants than low-empathy participants (Sonnby-Borgstrom, 2002). Across the field,
many mu suppression studies do take the step to record EMGs from their participants, in
order to discard trials in which participants move, but this may be a particular issue for mu
suppression and empathy research, as automatic mimicry was little discussed in these papers.
Overall, there seems in many of these studies no need to appeal to a mirror neuron theory

account —alternative accounts could explain these results just as well.

5.6 Mu suppression studies of autism spectrum disorders

In parallel to work on mu suppression and empathy and language, mu suppression has
also been used to examine the functionality of the mirror neuron system in autism spectrum
disorders (ASD). Theories that self-other representations may be impaired in autism arose
independently of mirror neurons — Rogers and Pennington (1991) suggested that such
impaired representations could account for the reported imitation difficulties seen in this

group, and broader social and communication problems. Most recent reviews have argued
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that the well-documented imitation difficulties in ASD could be due to an abnormality in the
mirror neuron system (Williams, Whiten, Suddendorf, & Perrett, 2001), and following
suggestions that mu suppression could represent a proxy measure for mirror neuron activity,
it was quite logical to use mu suppression set-ups in samples of individuals with autism.
Indeed, mu suppression set-ups are likely to be better tolerated by individuals on the

spectrum than other imaging methods, such as fMRI.

It should be noted that while autism is certainly the condition most investigated using
mu suppression, an outstanding question is to what extent mu suppression deficits are specific
to autism. Studies so far have also found reduced mu suppression to biological motion in
Down Syndrome (Virji-Babul et al., 2008) and first-episode psychosis (Singh, Pineda, &
Cadenhead, 2011). Finding mu suppression deficits across a range of disorders could suggest
that atypical mu suppression responses are reflective of quite general abnormalities in brain

development, rather than specifically an abnormality in the MNS.

In any case, so far there have been nine studies comparing groups of individuals with
an ASD to typical control groups. These studies are summarised in Table 5.1. There have also
been investigations into the benefits of mu neurofeedback training, which have argued that
this may represent a potential treatment for autism in the future (Friedrich et al., 2015; Pineda
et al., 2008; Pineda et al., 2011; Pineda, Carrasco, Datko, Pillen, & Schalles, 2014). At
present, mu suppression findings with autistic groups have been decidedly varied, with half
of the studies concluding that mu suppression during observations of actions is deficient in
autism (suggesting abnormal or impaired mirror neuron systems), and half finding mu

suppression comparable to controls.

The most recent paper to investigate mu suppression abnormalities in autism points

towards abnormalities in the mu frequency band, but suggests these abnormalities arise from
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areas not usually associated with mu, but rather with alpha. When only examining the central
electrodes, such as is typically done in mu suppression experiments, Dumas, Soussignan,
Hugueville, Martinerie, and Nadel (2014) did replicate previous reports of reduced
suppression to actions with objects. However, when considering differences across the whole
scalp, Dumas et al. (2014) found abnormalities in the alpha frequency band in the frontal and
occipital regions in their participants with ASD. Indeed, there is evidence that the broader
alpha band, as opposed to mu, is abnormal in ASD; Mathewson et al. (2012) noted in their
study that participants in the ASD group had greater alpha power in an eyes-open condition,
and that they showed smaller occipital alpha suppression when comparing eyes-open to eyes-
closed conditions than typical controls. Reduced suppression in the alpha band is therefore

not specific to mu regions or biological stimuli.

Furthermore, it is plausible that attention may be different between ASD and typical
participants when viewing biological motion, and that this could be reflected in differences in
alpha activity. Attention to social stimuli has been shown to be abnormal in ASD (see
Ceponiene et al., 2003 and Fletcher-Watson, Leekam, Benson, Frank, & Findlay, 2009, for
examples and discussion of these issues in both auditory and visual domains, respectively).
Previous mu suppression reports argued that attentional differences could not account for mu
suppression findings in autism, because behaviourally measured attention (usually measured
though continuous performance tasks) showed no differences between groups. However these
tasks represent rather gross measures of task engagement, and participants groups score
100%, suggesting that the tasks are almost certainly too easy to pick up on any subtle

attentional differences between groups.

Potentially even the positive neurofeedback training findings could be, at least in part,
explained using attentional theories. In the investigation by Pineda (2008), in both studies
contained in this report, the experimental group showed improvements in measures of ADHD
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symptoms and sustained attention ability. No differences in improvements in imitation skills
were found when comparing placebo and experimental groups, and improvements in
communication, perception, and sociability were inconsistent between studies one and two.
Could alleged mu suppression neurofeedback training have had more of an effect on general
attention and alpha than on mirror neuron systems and the skills it has been suggested to

underpin?

If the “broken mirror hypothesis” is true, and mu suppression represents a good
measure of mirror neuron activity, then correlations and associations between mu suppression
and behavioural measures supposedly supported by the MNS and impaired in autism should
be evident. Imitation skills are particularly important in this theory — they are a key link
between the original cognitive theories about self-other representation in autism and MNS
theories now. One suggestion has been that mu suppression abnormalities pertain more to
variation in imitation ability than to autism per se. Associations between imitation and mu
suppression have been reported (Bernier, Dawson, Webb, & Murias, 2007; Bernier,
Aaronson, & McPartland, 2013) but these have not been well replicated. Ruysschaert,
Warreyn, Wiersema, Oostra, and Roeyers (2014) found no association between the quality of
children’s imitation and mu suppression. Fan, Decety, Yang, Liu, and Cheng (2010) noted
that their ASD group had poor imitation skills and yet showed intact mu suppression.
Following neurofeedback training with mu there were no differences between the
improvements in imitation between the placebo or experimental groups (Pineda et al., 2008).
(Further discussion and experimental data on the relationship between imitation and mu

suppression can be found in Chapter 7.)

One final comment on mu suppression studies of ASD is on the analyses of these
studies. Few of these studies seemed to correct for multiple comparisons in their ANOVAS.

Furthermore, of the studies that have analysed their data using ANOVA technigues none have

156



5: Mu suppression in the past, present and future

found a significant group effect, nor a significant group by condition interaction in their

ANOVAs (Bernier et al., 2013, 2007; Fan et al., 2010; Oberman et al., 2008; Raymaekers,
Wiersema, & Roeyers, 2009; Ruysschaert et al., 2014). Thus, it is questionable whether a
selective abnormality in mu suppression to observing others is really borne out by current

data.

5.6.1 Summary on mu suppression studies of autism spectrum disorders

In sum, the evidence for a specific lack of mu suppression to observing human actions
in autism is poor. Rather, the collective evidence suggests there may be differences in the
alpha frequency band that are not related to MNS dysfunction. As yet, there is no evidence
that mu suppression abnormalities are truly specific to ASD, and robust findings linking mu
suppression in autism to imitation skills, a behaviour the MNS has been purported to

underpin, are lacking.

5.7 Mu suppression in the future - improving mu suppression studies

Mu suppression started out as a measure of motor cortex engagement but has been
reinvented as a proxy for mirror neuron activity. Theoretically, mu suppression could be a
comparably cheap, tolerable and simple way to examine mirroring systems in the human
brain, and these set ups have been used with both individuals with autism and young children,
populations for which imaging with other methods may be not practical. Mu suppression has
been explored in language tasks, in its association with empathy and social processes, and in
autism spectrum conditions. All of these domains have been linked to the human mirror
neuron system, but mu suppression studies provide limited support for MNS involvement in
these processes. Potentially, this is because mirror neurons are not involved in these
processes, or because mu suppression actually represents a poor measure of MNS

engagement.
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5: Mu suppression in the past, present and future

As outlined above, there are many reasons to be cautious of mu suppression findings.
This review is certainly not the first to point out the potential pitfalls of confounding from
alpha and attentional changes, but it seems that investigations using mu suppression as a
means to examine mirror neuron function in a variety of language and social processes do not
always heeded these issues. Furthermore, mu suppression as a field is tragically
underpowered (though this is sadly representative of wider neuroimaging literature -see
Button et al., 2013). Future studies will need to be much more robust if important discoveries

can be expected to be made about the MNS using this method.

The review has focused largely on data collected from adults in mu suppression
studies (with the exception of some of the studies of ASD), however researchers have also
used mu suppression studies with infant populations to try and address questions about the
development of mirroring systems. Other researchers have reviewed mu suppression with
infant populations, so this literature has not been re-examined here (Cuevas et al., 2014).
However, it is worth noting that the review by Cuevas et al. (2014) outlines several pertinent
problems in many infant mu studies, including the issues of baseline selection and examining
changes outside just the sensorimotor regions. They too highlight the need for researchers to
consider changes in power at the occipital region, and point out that topographic maps of
power distributions across the scalp provided by some infant mu researchers would actually
seems to show suppression at the occipital sites. Broadly, the content of infant mu
suppression studies has largely been around the processing of others’ actions (arguably the
traditional remit of mirror neuron theories), rather than broader functions in language and
social processes. Work so far has largely concluded that infant mu rhythms show the same
patterns of reactivity to participants’ own movement and action observation as the adult mu
rhythm, and that mu suppression may represent a means to investigate mirror neuron systems

in young children (Marshall & Meltzoff, 2011; Marshall, Young, & Meltzoff, 2011; Nystrom,
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2008). As is apparent from this review, using mu suppression to examine language and social
processes in adults has actually produced few robust findings, and so translating these studies
for use with infants, where even less is known about the interpretation of EEG, would seem

unwise at present.

Furthermore, a comment not so much on the methodology of mu suppression studies
but on their interpretation in wider social cognitive neuroscience; the impression one gets
when reading the mu suppression literature is that theories about what the human MNS is
doing are sufficiently flexible to fit around whatever mu suppression results are obtained. Of
course, given that theories about the MNS evolved and developed, we can expect to see mu
suppression to stimuli beyond simple hands interacting with objects. But mu suppression has
been demonstrated to viewing static buildings, sheet music, and Rorschach ink blots (Behmer
& Jantzen, 2011; Moore et al., 2012; Pineda, Giromini, Porcelli, Parolin, & Viglione, 2011).
These are a far cry from the original stimuli used to investigate action understanding. Mu
suppression as a field seems to be attempting to simultaneously validate mu responsivity as
indexing mirror neuron activity, and use this responsivity to suggest what stimuli the mirror
neuron system is responsive to, but this logic is circular. Ideally, the field need to agree what
we expect the human MNS to respond to, examine whether mu suppression meets these

expectations, and reject it as a measure of the MNS if it does not meet them.

The results from the study in Chapter 6 help to shed light on the validity of mu
suppression as a measure of the human MNS (Hobson & Bishop, in press). While new data
will be useful in making progress, this review also sought to reach back for evidence. Mu
changes have long been considered to index motor cortex engagement, well before mirror
neurons exploded into the field of cognitive neuroscience. Considering mu’s history, and how
mu studies have changed over the last decade, should lead to reflection on how mu

suppression should be conducted in the future.
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6: Mu suppression — a good measure?

CHAPTER SIX: Mu suppression —a good measure of the human mirror neuron

system?

6.1 Introduction

Since the discovery of “mirror neurons” in the macaque brain, researchers have investigated
the presence of such neurons in humans, and considered what the functional role of the
human mirror neuron system (MNS) might be. As explored in Chapter 5, the human MNS
has been posited to underpin action understanding, imitation, language and empathy, and has
even been theorized to be the cause of an evolutionary leap in our ancestral history (Rizzolatti
& Arbib, 1998; Rizzolatti & Craighero, 2004. MNS dysfunction has also been proposed to
underlie the symptoms of autism spectrum disorders (Dapretto et al., 2006; Rizzolatti, Fabbri-
destro, & Cattaneo, 2009; Rizzolatti & Fabbri-Destro, 2010; Williams, Whiten, Suddendorf,

& Perrett, 2001).

Mu-suppression has been used to explore the MNS in both typical and autistic
individuals. Mu is a range of EEG oscillations from 8-13 Hz, and is recorded from scalp
electrodes corresponding to the sensorimotor regions of the brain (typically electrode sites
C3, C1, Cz, C2, C4). When a person is at rest, the cells in the sensorimotor cortex fire in
synchrony. When a person performs, observes or imagines themselves performing an action,
the firing of these cells becomes desynchronised. This desynchronisation leads to reduced mu
power, compared to when the cells were firing together (Pfurtscheller, Neuper, Andrew, &
Edlinger, 1997). The key design feature of mu suppression studies is the comparison of an
experimental condition to a baseline condition in which one would not expect the MNS to
become active. If there is a reduction in mu power in the experimental condition compared to
the baseline condition, the interpretation is that the experimental condition has activated

neurons in sensorimotor cortex. Because mu suppression is seen both when an individual
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6: Mu suppression — a good measure?

performs and observes an action, it has been taken as a proxy for the activity of the human
mirror neuron system (Muthukumaraswamy & Johnson, 2004; Muthukumaraswamy,
Johnson, & McNair, 2004; Oberman, McCleery, Ramachandran, & Pineda, 2007; Pineda,

2005).

Such a relatively inexpensive and noninvasive technique for gauging the activity of
the MNS in humans would greatly facilitate research on this system, although not all
researchers agree that mu suppression is a valid index of MNS activity(see Chapter 5).

Indeed, mu suppression is rapidly becoming an established measure of mirror neuron activity.

As noted in Chapter 5, one of the concerns raised in the literature surrounding mu
suppression is whether it is reliably distinct from changes in alpha activity. Alpha activity
was among the first EEG phenomena noted by pioneering electroencephalographer, Hans
Berger, yet the precise function of alpha is still unknown. Alpha rhythms have been
considered to reflect cortical idling (Pfurtscheller, Stancak, & Neuper, 1996), or the active
inhibition of task-irrelevant processes (Klimesch, 1999). While the function of alpha activity
is unclear, the reactivity of alpha is well documented. Alpha activity is functionally defined
as “blocked or attenuated by attention, especially visual, and mental effort” (Niedermeyer &
Silva, 2005). Power in the alpha band is highest when a subject is awake with their eyes
closed, and suppressed by mental effort, or drowsiness (Niedermeyer & Silva, 2005). More
difficult tasks elicit more alpha suppression (Gevins, Smith, McEvoy, & Yu, 1997; Stipacek,

Grabner, Neuper, Fink, & Neubauer, 2003).

Mu is in the same frequency band as alpha (8-13 Hz), but alpha and mu are said to be
distinguishable on the basis of topography and reactivity. Alpha activity arises in the
posterior and occipital regions, while mu arises from the sensorimotor area. While changes in

mu power are typically interpreted as being due to activity in the sensorimotor cortex, alpha
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power is thought to reflect attentional engagement (Klimesch, 1999; Pfurtscheller, 1992).
Nonetheless, because of the overlap between mu and alpha activity, tight controls of

attentional engagement should be a key feature of mu suppression experiments.

6.1.1 Evidence for alpha effects in mu suppression studies

Some authors have warned that mu suppression may be sensitive to activity from
areas involved in visuomotor processes that are not considered to be part of the mirror neuron
system, and also that changes in mu power may be being driven largely by attentional
processes rather than mirror neuron activity (Aleksandrov & Tugin, 2012; Braadbaart,
Williams, & Waiter, 2013; Perry & Bentin, 2009). Indeed, Perry and Bentin (2010)
cautioned that “mu suppression reports should always include not only experimental effects
at the central sites, but also the occipital regions to help fully understand the phenomenon
being studied. ” (p.1054). As noted in Chapter 5, where previous mu suppression studies have
considered activity at occipital electrodes, findings have been mixed. Ruysschaert and
colleagues (Ruysschaert, Warreyn, Wiersema, Oostra, & Roeyers, 2014) investigated changes
in the alpha frequency band at occipital sites, but only during their imitation condition (when
participants actively copied the movement they saw), not during their observation condition.
Thus, while mu suppression during actual movement was specific to the central electrodes, it
is unclear whether this was also true for this study’s observation condition. Tangwiriyasakul
et al. (2013) argued that the correlation between central and occipital electrodes was weak,
suggesting that their results had not been affected by alpha. However, the correlation between
C4 and 02 was 0.49 (p<0.001), a not insignificant correlation. Lepage et al. (2008) entered
activity from electrode Oz in their analysis, and found that 8-13 Hz power at this site was
significantly reduced during observe and imagine conditions. Other papers have reported that
other than C3, Cz, and C4, no other electrodes showed a consistent pattern of suppression

(Bernier, Dawson, Webb, & Murias, 2007; Bernier, Aaronson, & McPartland, 2013;
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Oberman et al., 2005, 2008). Yet the recent study by Dumas and colleagues suggests that
apparent mu suppression deficits in autism are not related to the MNS, but rather to alpha
(Dumas, Soussignan, Hugueville, Martinerie, & Nadel, 2014). Thus, it seems unclear to what
extent changes in mu power at the central electrodes are reliably distinct from changes in

power at the occipital electrodes, regions more strongly associated with alpha.

Overall, while concurrent fMRI studies suggest that mu suppression may represent
activity in areas considered part of the mirror neuron system (Arnstein, Cui, Keysers,
Maurits, & Gazzola, 2011; Braadbaart, Williams, & Waiter, 2013; Mizuhara, 2012; Perry &
Bentin, 2009), other processes that are not observation-execution matching also influence
changes in mu power. This casts doubt on previous conclusions reached using mu
suppression as an index of mirror neuron activity, particularly on higher level sociocognitive

processes where the potential effects of attention may not be immediately obvious.

One way of controlling for potential attentional effects is to compare mu suppression
to stimuli that are matched in their postulated engagement of the MNS. For example,
Muthukumaraswamy et al. (2004) had participants view a hand interacting with an object vs.
a hand interacting with itself. Consistent with the predictions from non-human animal work
on mirror neurons, they showed greater mu suppression in the former case
(Muthukumaraswamy et al., 2004). We cannot, of course, rule out the possibility that a hand
interacting with an object is more attentionally engaging, though participant ratings could be
used to test this idea. In sum, as mu suppression is becoming a more mainstream method to
measure the activity of the MNS, researchers must control for the possibility that attention

(and thus alpha) may influence their results.

6.1.2 Choice of baseline in mu suppression experiments
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The potential confound of attentional engagement assumes particular importance
when considering the range of methods of calculating mu suppression that have been used in
previous work. Mu suppression involves comparing power in the mu frequency band during
an experimental condition to a baseline. Some researchers have opted to compare the power
in their experimental conditions to a single baseline period, some have used an equivalent
number of trials of a control condition, while others have baselined each individual trial

separately.

Previous whole baseline conditions have included sitting quietly without stimulation,
or visual white noise, or a motion control (e.g. Oberman et al., 2005). Clearly, in studies
where participants have been asked sit and watch either no videos or videos that are not very
engaging for long periods of time, it is feasible that the level of alpha activity would increase,
due to attentional disengagement. For example, one study presented videos of visual white
noise and bouncing balls that were 80 seconds long (Oberman et al., 2005). Because alpha
and mu waves are in the same frequency band (8-13 Hz), this could lead to an inflated ratio
between the baseline and experimental conditions, leading to greater mu suppression. Some
of these papers attempted to control for alpha by not including the first and last 10 seconds of
a stimulus in their analysis, the assumption being that any confounds caused by alpha will
take place in these periods, due to the attentional effects of a stimulus initiating or ending

(Oberman et al., 2005, 2008)

Other groups have used a baseline of 1 second prior to the onset of each trial as their
comparison, either using a fixation cross, or presenting the first frame of the video as a static
frame (e.g. Kumar, Riddoch, & Humphreys, 2013; Muthukumaraswamy, Johnson, Gaetz, &
Cheyne, 2006). This design is good for removing effects of long-term shifts in the EEG, for
instance due to sweating over the time course of the experiment. By baselining each trial
individually, such shift is accounted for, and the attentional effects induced by long baseline
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conditions are likely to be reduced, and inflated apparent mu suppression is less likely.
Nevertheless, it could be argued that the onset of a moving stimulus would immediately

engage attention more than a static image.

The issue of what baseline to use in mu suppression experiments was examined by
Tangwiriyasakul, Verhagen, van Putten, and Rutten (2013). They recorded EEG data from 18
subjects, investigating what baselines may be ideal for obtaining maximal mu suppression.
Their baselines included active and static stimuli, including bouncing balls, slowly moving
flowers, static hand images and white stripes on a black screen. No optimal baseline for the
whole group emerged — rather, different participants seemed to show bigger mu suppression
effects for different baselines. The authors conclude that these findings suggest that
calibration may be necessary for motor imagery experiments, in order to identify which
baseline is optimal for the individual participant. However, these findings also suggest that
mu suppression is not a reliable phenomenon. Indeed, the paper also reports that four of their
participants did not show any mu rhythms in any of the five baseline conditions, and two
showed mu, but showed no suppression. Thus, mu suppression, with any baseline, was only
found for two thirds of their sample. Furthermore, reports from their participants suggest that

attentional engagement could have played a role in these results:

“...many reported that during the BW [white stripes on a black screen] baseline it was
difficult to maintain attention. Some of them started counting the white stripes on the screen...
During the FL [flower] baseline, most subjects felt most comfortable and most relaxed;
sometimes they lost their attention... During the dynamic baselines (BB and 2B) [bouncing
ball conditions], some subjects said that they usually kept their attention to the ball(s).”

(Tangwiriyasakul et al., 2013, p.7)

6.1.3 Beta activity and the mirror neuron system
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The convention of many mu suppression studies, particularly those focused on autistic
individuals, is to define “mu” as activity in the alpha range (8-13 Hz). However, the rolandic
mu rhythm consists of two spectral peaks, and gets its arch-like appearance from the dual
contribution of alpha and beta range activity (Niedermeyer & Silva, 2005). Thus, it is
important to acknowledge not only the contributions of alpha but also beta activity in the

previous findings in the mu suppression literature.

The beta frequency band is usually defined as 13-35 Hz, with a typical peak
frequency of ~20Hz (Niedermeyer & Silva, 2005). Beta activity is historically associated
with sensorimotor behaviour (although recently it has been suggested that the role of beta in
cognitive and attentional processes has been overlooked; see Engel & Fries, 2010 and Gola,
Magnuski, Szumska, & Wrdbel, 2013). Studies that have looked at both frequency bands
suggest that while “rolandic alpha” (mu rhythm) is linked predominantly to the
somatosensory system and somatosensory cortex, beta suppression is more related to motor
processing and the primary motor cortex (Hari & Salmelin, 1997; Ritter, Moosmann, &
Villringer, 2009). Like mu, beta activity is suppressed by voluntary movements, motor
imagery and the observation of movements (Babiloni et al., 2002; Hari & Forss, 1998;
Mcfarland, Miner, Vaughan, & Wolpaw, 2000), and changes in beta activity have also been
suggested to index mirror neuron activity (Muthukumaraswamy & Singh, 2008; Rossi et al.,

2002).

One evident risk in this field is that by focusing on one frequency band, we might
miss key phenomena of interest. This study focused on alpha and beta frequency ranges, but
studies vary in terms of the precise frequency ranges used to define these, and indeed some
argue for finer subdivision of these frequency bands (e.g. Pfurtscheller, Neuper, & Krausz,
2000). This, however, carries the complementary risk that if the choice of frequency band is

open-ended, this provides ‘researcher degrees of freedom’ in post hoc analysis (Simmons,
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Nelson, & Simonsohn, 2011).To justify distinguishing different frequency ranges, we need
studies that distinguish these a priori and consider whether there are reproducible differences

in pattern of results between these.

6.1.4 Aims of this study

The aim of this study was to examine the validity of mu suppression as a measure of
the human mirror neuron system, particularly in relation to whether conventional mu
suppression designs are confounded with changes in alpha activity and attentional
engagement, and also to explore whether the reactivity of beta follows the same pattern as
mu. This study was conducted as a registered report, and the methodology and analyses plans

were pre-registered prior to data collection.

Consistent with previous studies, videos of hand movements were used to elicit mu
suppression. A control stimulus that would not elicit mirror neuron activity, but which would
be as engaging as the biological movement condition, was also included. For this,
kaleidoscope stimuli were chosen. This study examined whether changes in 8-13 Hz power at
the central electrodes are distinct from changes in power at this frequency in the occipital
regions, and whether high occipital alpha during baseline tasks could be a confounding factor

in previous mu suppression designs.

Finally, this study considered three different baselines that previous researchers have
used to analyse their mu suppression experiments, and investigate how they might influence
the results. These three baselines included long and short rest periods, and a static period at
the start of each stimulus. It was hypothesised that a long baseline condition as opposed to

brief or trial-by-trial baselines inflates apparent mu suppression.
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This study considered how far the results from each of the three baselining methods
showed the pattern that is predicted to be a signature of mu suppression, namely an
interaction between condition and electrode site, such that the difference in mu suppression
(8-13 Hz) between hand vs. kaleidoscope stimuli is greater at the central than the occipital
sites. Subsidiary predictions were that mu suppression would be greater for the hand-with-
object versus hand-no-object condition, and that the same overall pattern of activity would be

seen for the beta frequency (13-35 Hz) as for the mu frequency.

6.2 Method

6.2.1 Participants

The final sample was 61 typical adult participants (see Appendix F for power analyses
containing sample size justification, submitted at the time of preregistration). Participants
were recruited largely through the University’s research participation scheme, and through
poster and email advertisements. The final sample included 19 males and 42 females, with a
mean age of 22 years (18-33 years). Our sample included 51 right-handed participants, 9 left-
handed participants and 1 ambidextrous participant. The participants had no known
neurological disorders, nor any diagnoses of autism spectrum conditions. Participants were
required not to consume alcohol, or take any psychotropic medication, or any drugs likely to

cause drowsiness, for the 8 hours prior to the experiment.

6.2.2 Stimuli

Previous researchers have used a variety of stimuli to test mu suppression to human
movement, including: hands grasping a manipulandum (Bernier, Dawson, Webb, & Murias,
2007; Muthukumaraswamy, Johnson, & McNair, 2004), hands manipulating chess pieces

(Cheng et al., 2008; Fan, Decety, Yang, Liu, & Cheng, 2010a), a hand opening and closing
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with no object (Oberman et al., 2005; Raymaekers, Wiersema, & Roeyers, 2009), mouths
sucking or biting, with or without a straw object (Muthukumaraswamy et al., 2006), a hand
rotating a coin, or a coin being passed back and forth between two hands (Aleksandrov &
Tugin, 2012). The stimuli used in this study were of a hand manipulating a pencil, or
performing the exact same manipulative movements but without the pencil. While these
stimuli are novel, their features map closely to those previously used in other mu suppression
studies. Both object-based and non-object based stimuli were included in the experiment, as
previous literature has argued that the presence of an object yields stronger mu suppression
(Muthukumaraswamy et al., 2004). It was reasoned that reproducing the object effect would
help ensure that the methods and findings are in keeping with and generalizable to other

work.

A control stimulus which should not activate the mirror neuron system was also
included. Selecting such a stimulus is far from straightforward, as movements of robotic
hands have been found to activate mirror neuron areas (Gazzola et al., 2007, but see Tai,
Scherfler, Brooks, Sawamoto, & Castiello, 2004), and it has been argued that musical
notation can produce significant mu suppression in musicians because of the associations
between the sheet music and the movements required to play them (Behmer & Jantzen,
2011). Even stimuli of flowers opening, as used by Tangwiriyasakul et al. (2013), might be
argued to be imitable (i.e. you could imagine opening a closed hand to produce a movement
that was superficially similar). For these reasons, this study used black and white
kaleidoscope videos as control stimuli. If significant mu suppression is seen during the
observation of these stimuli it casts serious doubt on the validity of mu suppression as a pure
measure of the MNS. Nonetheless, participants were also asked in a post-EEG questionnaire
whether they could imagine themselves performing the actions in the videos (see Section

6.2.2.2 Subjective rating of engagement with stimuli, and Appendix G).
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Equal numbers of trials of videos using the right and the left hand were shown to the
participants. The videos can be viewed on the Open Science Framework, under the project
title “Mu suppression — a good measure of the human mirror neuron system?”

(https://osf.iolyajkz/). Screenshots of the stimuli can be seen in Figure 6.1.

b)

Figure 6.1 Screenshots of the video stimuli used during the EEG recordings. Participants
saw three types of video: a) hands moving with no object; b) hand moving with an object; c)
kaleidoscope patterns. All stimuli were black and white. Hand videos were filmed with the
use of a metronome to ensure consistency in speed and timing, but were presented to the
participants without sound. Videos were filmed with the model using her right hand, and the
videos were then digitally flipped to create videos that appear to use the left hand. The hand
videos were matched for the movement they showed — they only differed in the presence of a

pencil.
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6.2.2.1 Positive control

One of the key characteristics of mu suppression is that it occurs both when a
participant observes and performs actions. Not all previous mu suppression investigations
have included a movement condition. However, given it is this feature — activation during
both observation and execution of movements — that has led researchers to propose it as a
signature of mirror neuron activity, this investigation included a movement condition, based
on a condition used in previous research that successfully elicited mu suppression (Woodruff,
Martin, & Bilyk, 2011). This own movement condition acted as an outcome-neutral positive

control condition.

6.2.2.2 Subjective rating of engagement with stimuli

To test the hypothesis that previous differences between control and experimental
conditions in mu suppression studies are driven in part by differing levels of engagement,
participants were asked to rate their subjective levels of engagement in the different
conditions. A copy of the post-EEG questionnaire can be found in Appendix G. It was
reasoned that if the analysis suggested that apparent mu suppression was being driven by
changes in alpha and attentional effects, it would be expected that the pattern of mu
suppression seen in the various conditions will follow the same pattern of subjective rating of
attentional engagement. This questionnaire also allowed us to check whether participants
could imagine themselves performing the “non-imitable” videos, the kaleidoscope patterns,

and that they attended to the stimuli sufficiently (see Section 6.2.3.2 Measure of attention).

6.2.3 Procedure

The study received approval from the ethics committee at the University of Oxford

(Medical Sciences Interdisciplinary Research Ethics Committee Code: C1-2013-190). After
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reading the information sheet and signing the informed consent form, participants underwent
the EEG. Participants were sat in a quiet room, and watched the stimuli presented to them via
a laptop screen. There were three types of EEG condition: a) observing, b) resting and c)
moving, based on the conditions used in previous research. In the observing conditions,
participants watched the videos of the hand movements and kaleidoscope patterns. During the
resting condition, participants were asked to sit quietly but to keep looking at the laptop
screen, and not to close their eyes. The EEG conditions and trial types are summarised in

Table 6.1.

6.2.3.1. Timings

For each of the observing conditions (hand manipulating pencil, hand with no pencil,
kaleidoscope patterns), there were 40 trials. In each video, the first 4 seconds was a static
picture of the hand/ kaleidoscope patterns, which served as a baseline (see Section 6.2.5
Analysis Plan). These 4 seconds were followed by 2 seconds of movement, and then 2
seconds of a static final frame. The 2 seconds of movement per trial means that each video
condition had up to 80 seconds of recording while participants observed the moving videos.
The observing conditions were closely modelled on previous work (e.g. Muthukumaraswamy

et al., 2006).

The resting condition was modelled on Bernier et al. (2007); participants were asked
to sit quietly in front of a blank screen. A single long rest interval of 80 seconds was included
in each session, as well as short rest intervals of 8 seconds each, interspersed within blocks of

other stimuli.
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Table 6.1: Conditions during EEG recording

Condition

Trial Type

Description

Observation
condition

Rest
condition

Hand action with object
(HO)

Hand action without object
(HNO)

Kaleidoscope pattern (KAL)

Short rest baseline condition

Long rest baseline condition

Own movement condition

8 second videos, in which a hand
interacts with an object (a pencil).
40 trials in total.

8 second videos, in which a hand
performs actions. There is no object
in this video. 40 trials in total.

8 second videos of a kaleidoscope
pattern. 40 trials in total.

8 second period of a blank screen.
Participants instructed not to move,
just like in the video conditions. 40
trials in total.

80 second period of a blank screen.
Participants instructed not to move,
just like in the video conditions. This
condition is presented as one
continuous trial and later epoched
into 2 second periods.

40 second period in which
participants are instructed to tap their
finger and thumb. Four 40 second
periods for the right hand, and four
for the left hand (8 in total).

Table 6.1: The conditions during the EEG recording.

For the own movement condition, participants were asked to tap their index finger and

thumb together at a steady pace for 40 seconds. This was done four times with each hand.

Previous mu suppression research has used this movement to elicit mu suppression

(Woodruff et al., 2011). The experimenter was able to watch the participant through a tinted

window to ensure that they performed the finger tapping action.
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Video stimuli were shown in 8 blocks of 15, with videos playing back to back, except
for 5 short rest trials (blank screen) included within each video block. Trials within each
block were presented in a semi-random order. The order was constrained, such that a rest trial
could not follow another rest trial (to ensure all short rest periods are 8 seconds long, not 16
seconds). Aside from this constraint on the rest trials, videos were presented in a mixed,
random order, and each block of 15 videos included hand and kaleidoscope videos (i.e.
videos were not blocked by type). The video/rest blocks were interleaved with the movement
trials, such that participants watched 2 minutes of videos (with 5 short rest trials), then
performed 40 seconds of the finger tapping movement, then watched 2 minutes of videos, and
so on. This interleaving of trials was intended to keep participants alert during the EEG. The
position of the long resting condition was counterbalanced across participants to occur at one
of four places in the experiment — at the beginning, after 2 blocks of videos, after 4 blocks of

videos, or after all 8 blocks of videos.

6.2.3.2 Measure of attention

In order to confirm that all participants included in the final analysis viewed and
attended the stimuli properly, a coarse behavioural measure of attention was included.
Previous studies into mu suppression have used continuous performance tasks as a means of
ensuring their participants attended the stimuli (Oberman, Pineda, & Ramachandran, 2007,
Oberman et al., 2008). These tasks have typically taken the form of counting a particular
event. However, as noted above, alpha activity is known to be affected by mental activity
(indeed, previous investigations of alpha have utilised counting targets as a task - see
Klimesch, Doppelmayr, Russegger, Pachinger, & Schwaiger, 1998). Therefore, a sufficiently
“light” cognitive task is required, so as not to influence the EEG. In the current study,
participants were told prior to the EEG recording that they would be asked questions about
what they saw during the experiment at the end. During the EEG recording, three grey stars
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and three grey arrows appeared on the screen, following or preceding videos or rest periods,
but never interrupting them. The stimuli were presented for 1 second each time. Following
the recording, participants were asked if they noticed anything during the experiment that was
not a video of hands or kaleidoscope patterns. Participants who failed to report any of these
extra stimuli, or inaccurately reported how many times these stimuli appeared were
considered not to have attended to the stimuli properly, and were excluded from the analyses.
While this is arguably a coarse measure of attention, it was reasoned that this task would
motivate participants to attend to the stimuli properly, and identify any participants who were

unable to do so.

6.2.4 Electrophysiological recording

EEG data were collected from 36 electrodes embedded in a cap using the 10-20
method of electrode placement, including 4 electro-oculograms (above and below the right
eye, and to the sides of outer corners of each), and 2 electrodes on the mastoids. Electrolytic
gel was applied at each electrode site to reduce the impedance of the electrode—skin contact.
The impedance on all electrodes was measured and confirmed to be less than 40 KQ both
before and after testing. Recording was made at a sampling rate of 1000 Hz. The EEG data
was recorded using a Neuroscan Nuamps system, and analysed using EEGLAB (Delorme &
Makeig, 2004). All recordings were continuous, with no filters applied at the recording stage.
Markers identifying the trial type were recorded at the start of the trial for each video and
short rest trial, every 8 seconds in the own movement condition, and every 2 seconds during
the long rest period. This allowed for the extraction of a similar number of 2 second intervals

from the long rest period as for each of the movement portions of the observing conditions.

6.2.4.1 Electromyography

178



6: Mu suppression — a good measure?

Viewing hand movements could lead to some automatic imitation, even if participants are
instructed to remain as still as possible. In order to identify and exclude rest or observation
trials in which participants generated muscle activity, an electromyogram (EMG) was
recorded from the extensor digitorum communis (the arm muscle that extends the fingers).
EMGs were recorded from these muscles on both the left and the right arm, using disposable
ECG electrodes, at a sampling rate of 1000 Hz. The EMG data was recorded as additional
channels in our EEG dataset and made bipolar in our analysis script. Details on how the EMG

data was used to exclude movement trials can be found in Section 6.2.5 Analysis Plan.

6.2.4.2 Current Source Density

EEG data was transformed to a “reference-free” format using current source density
(CSD) transformations. CSD estimates are second spatial derivatives of recorded field
potentials (see Tenke & Kayser, 2005 for more details on CSD). CSD is essentially a spatial
filter that minimises the problem of volume conduction, providing more accurate

topographical results.

6.2.5 Analysis Plan

Analysis was conducted using the following steps, using EEGLAB version 6.1 run in
MATLAB. The script for analysing the data is available on Open Science Framework

(https://osf.iolyajkz/).

Using this script, the continuous file was first epoched into segments starting at onset
of the trial marker (0 seconds) and lasting for 7 seconds. All trials were baselined to be
centred on an average of zero. Trials containing extreme values (greater than 350 pv) other

than eye channels or frontopolar channels were removed. This is a much more extreme cut-
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off than is usually used because the goal at this point was just to remove trials with excessive

movement artefact, but not to remove blinks.

Any observation or rest trials in which the EMG activity recorded from the electrodes
was above an individualised threshold then removed. A non-active EMG was subtracted from
the EMG recorded from the extensor digitorum communis to create a bipolar channel. The
EMG activity in the own movement conditions was converted to root mean square values
across all own movement trials, separately for the left and right arm. A threshold of 1.5
standard deviations below this average was used to remove trials in the rest or observation

conditions that show muscle activity greater than this value.

The bipolar eye channels were subtracted to give one channel for vertical eye
movements and another for horizontal eye movements. Data were then subjected to
independent component analysis using single-order blind identification (see Bishop,
Hardiman, & Barry, 2011). This was achieved by transforming the weight matrix for
components into z-scores across all electrodes, and identifying those that have a z-score
greater than 4.0. This is an arbitrary large value which has been determined in previous
studies to identify signals due to blinks or to other artefact. Components whose activity is

heavily focused on a single electrode were then subtracted from the signal.

To be included in the final analysis, a minimum of 16 trials per condition were
required, after bad trials were rejected. Following the rejection of bad epochs, the remaining
data were re-referenced offline to a CSD derivation using a CSD MATLAB Toolbox
(Kayser & Tenke, 2006a, 2006b). The functions in the Toolbox were utilised by our analyses
scripts. The Toolbox is freely available here:

http://psychophysiology.cpmc.columbia.edu/software/CSDtoolbox/index.html
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The analysis was restricted to the sensorimotor and occipital electrodes C3, Cz, C4,
01, Oz and O3. Three methods for estimating mu suppression were compared, where the
period from 2 seconds to 4 seconds post-trial onset is described as the early interval, and the
period from 4 to 6 seconds post-trial onset as the late interval. Note that these terms
correspond to the static and active portions of the trials where hand stimuli are used. A
frequency decomposition was conducted using the EEGLAB “spectopo” function, separately
for early and late intervals for each of the six conditions: (a) Hand No Object, (b) Hand with
Object, (c) Kaleidoscope patterns, (d) Short fixed stimulus; (e) Long fixed stimulus (f) Own
Movement. Mean log power in the frequency range 8 to 13 Hz is defined as 10*logio(uv?/f),

where f is frequency in Hz. The three methods are as follows:

Method 1. Within-trial baseline: Mean log power in the early interval was subtracted from

mean log power in the late interval for all three observe conditions.

Method 2. Between-trial baseline: Mean log power in the late interval for the short rest trials
was subtracted from that in the late interval for trials with hand or kaleidoscope stimuli, and

own movement condition.

Method 3. Single long baseline: Mean log power in the long rest period was subtracted from
that in the late interval for trials with hand or kaleidoscope stimuli, and own movement
condition. In addition, as a further control, log power in the long rest period was subtracted
from mean log power in the late interval for the short fixed stimuli trials: a contrast where no
mu suppression should be observed. Figure 6.2 is a diagram depicting the three baselining
methods. For the main analysis, three 2-way repeated measure ANOVAs were conducted, for
the three different baselining methods (short rest trials, long rest trials, and trial-by-trial
baselines). In each analysis, the first factor is condition and the second factor is site (central

and occipital). For the comparisons with rest trial baselines, all four conditions (hand no
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object, hand with object, kaleidoscope patterns and own movement) were compared. For the
trial-by-trial baseline, the own movement condition is excluded, since the same movement is
executed continuously. Electrodes C3, Cz and C4 are averaged together, as are electrodes O1,

Oz and O3.
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Early interval  Late interval

A A
[ T \

1. Within-trial
baseline

Late interval compared to
early interval for each trial.

Late interval
2. Between-trial
baseline

Late interval in short rest
trial compared to late
interval in video/own

movement
3. Single long
baseline

Long rest condition (split into
40 x 2 second epochs) for
comparison to late interval in
video/own movement trial

Figure 6.2: A diagram depicting the analysis using the three different baselining
techniques. The period of the video in which the hand/kaleidoscope pattern moves (the orange
section) is compared against one of three baselines:

1. The 2 seconds early interval period immediately preceding the video when there is a
static picture presented (purple);

2. The average power of the late interval period during the short (8 second) rest trials
(red);

3. The average power of the late interval periods in the long rest condition (green). The
long rest period is composed of 40 x 2 second epochs.

In each 40 second own movement trial, there are 5 triggers every 8 seconds used to divide the
movement trials up into 5 epochs. The own movement trials are analysed the same way as the
video trials, comparing the power in the late interval the late interval in the short rest trials
and the average power in the long rest condition.
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Results were analysed using repeated-measures ANOVAs rather than paired
comparisons, so that specific interactions between condition and electrode site could be
tested. Because the three baselining methods are not independent, no direct comparisons were
made between them. Rather, | considered how far any of the three methods showed the
pattern of results that is predicted to be a signature of mu suppression, namely: on ANOVA,
an interaction between condition and electrode site should be seen, such that the difference in
suppression between hand-with-object vs. kaleidoscope stimuli is greater at the central than

the occipital sites.

In addition, it was predicted that in the positive control condition (own hand
movements) significant suppression of 8 — 13 Hz power would be seen at central sites (tested
using one-sample t-test to compare observed power change to zero). Predictions about the
hand-no-object observation condition are less clear-cut. The early mirror neuron theory
focused on grasping of objects, and would not necessarily predict any MNS activity for these
stimuli, but subsequent studies of mu suppression suggest it can occur with no object (e.g.
Cochin & Barthelemy, 1999; Muthukumaraswamy et al., 2004). Following Muthkurawasamy
et al. (2004) an interaction, such that mu suppression would be greater for the hand-with-
object versus hand-no-object condition, was predicted. Finally, it was predicted that the same
overall pattern of activity across baselines and stimuli would be seen for the beta frequency
(13-35 Hz) as for the mu frequency. In order to limit the chance of Type | error, electrode

sites (C3, Cz, C4, 01, Oz and O3) were pre-selected.

If suppression of 8-13 Hz activity is seen to hand stimuli, but with a similar pattern of
results for the central and occipital sites, this would suggest that differences between
conditions could be accounted for by changes in alpha activity associated with attentional
changes. In this case, it was planned that the results from the engagement questionnaire

would be used as a covariate to see if this could account for these results.
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6.3 Results

6.3.1 Excluded participants

In total, 109 participants were recruited during the course of the study. 27 participants
were excluded for failing the attention check task. A further 13 participants were excluded as
reliable EMG signals could not be obtained; as the EMG recordings were used to retain or
exclude trials we could only include participants with data from these channels. A further
three were excluded due to very poor EEG recordings, and five recorded datasets were found
to have had too many trials rejected by our analysis script, and were therefore replaced with
new participants. In total, 48 participants were excluded. In the final sample of 61
participants, a high number of trials were retained for each condition, following automated

rejection in our analysis script (see Table 6.2).

Table 6.2: Trials retained for each condition

Condition Kaleidoscope Own Shor_t rest Long rest
HNO HO movement  periods periods
Mean no.
trials 34.08 32.87 33.59 39.07 33.98 33.52
retained

Table 6.2 Average number of trials retained per condition in final sample of 61 participants.
Note that from the participants’ perspective, there is only one long rest trial — the average
presented here represents number of epochs retained. HNO = hand no object trials; HO = hand
with object trials.

6.3.2 Post-recording questionnaire responses

Table 6.3 shows the responses to the questionnaire, given to participants after the
EEG recording session. The results of the engagement questionnaire were to be used as a
covariate, if results from the occipital and central sites were found to be the same. However,
given that mu suppression in all baseline techniques was weakest for kaleidoscope videos, but
this stimulus was rated the most engaging by participants, and given the dissociation between

mu and alpha in this condition, this was not deemed appropriate. Analyses on the
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questionnaire responses can be found in Appendix H Supplementary unregistered analyses
for mu suppression registered report. These show that the kaleidoscope videos were rated as
the most interesting stimulus (although the actual ratings of engagement were not dissimilar

across the conditions).

Table 6.3: Post-recording questionnaire responses

Kaleidoscope  HNO HO Rest period
% Rated most 65.6 6.6 26.2 1.6
interesting
% Rated least 4.9 14.8 1.6 78.7
interesting
Average 3.57 (1.02) 2.97 (.95) 3.39 (.95) 2.05 (1.04)
engagement

Average difficulty  4.39 (1.05) 1.98 (1.11) 1.78 (1.02) N/A
to perform

% Judged could 115 96.7 95.1 N/A
imitate

Table 6.3: Responses to the post-recording questionnaire. Numbers in parentheses represent standard
deviation. When rating average engagement, participants were asked to rate on a scale of 1-5 with 5
being very engaged. When rating difficulty to perform, participants were asked to rate on a scale of 1-
5 with 5 being very difficult to perform. The questionnaire can be found in Appendix G.

6.3.3 Results for the single long baseline

For each baseline technique, a two-way ANOVA was run, followed by the six
planned comparisons (hand-object versus kaleidoscope, hand-no object versus kaleidoscope,
and hand-object versus hand-no object, both at the central and the occipital sites). Correction
for multiple comparisons was not performed since comparisons were planned before the data
was collected. The mean changes in mu/beta power and standard errors are shown in Tables

6.4 and 6.5.

The results when the single long baseline condition was used to calculate mu/alpha

(8-13 Hz) and beta (13-35 Hz) suppression is considered first. Figures 6.3A and B show the
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results using this baseline. For the mu band, there was a significant effect of site: F (1,60) =
5.36, p = .024. Condition did not have a significant effect. There was also a significant
interaction: F (1.36, 81.74) = 79.83, p <.001. Contrasts comparing suppression across the
video conditions revealed that changes in the 8-13 Hz band were significantly different
between the kaleidoscope and hand-object conditions at the occipital sites (F (1, 60) = 14.18,
p <.001), but not at the central sites. Similarly, suppression during hand-no-object videos
was significantly different from the kaleidoscope videos, in the occipital regions only (F
(1,60) = 15.17, p <.001). Central mu suppression for hand-object and hand-no-object videos
did not significantly differ. One-sample t-tests found that none of the video conditions had
average suppression that was significantly lower than 0 at the central sites, however the own
movement condition produced average mu suppression significantly below 0: t (60) = -6.25,

p <.001.

For the beta band, there were no significant main effects of site or condition, but there
was a significant interaction effect: F (2.02, 121.37) = 50.72, p <.001. Contrasts comparing
suppression in the 13-35 Hz band across the video conditions revealed that suppression for
kaleidoscope and hand-object videos at the occipital sites was significantly different (F (1,
60) = 7.05, p = .010), as was suppression for hand-no object and kaleidoscope videos at the
occipital sites (F (1, 60) = 9.05, p = .004). Hand-object and hand-no object videos did not
significantly differ at either site. One-sample t-tests found that none of the video conditions

had average suppression that was significantly different from 0 at the central sites, though

187



6: Mu suppression — a good measure?

"x 9MIUM B U1IM paydew si siyl ‘0 mojaq Ajpuedijiubis sem salls [ea1uad Je uoissalddns 1eyl punoy s1s91-1 ajdwes—
3UO aJay/\ 'TO >d Sa1LaIpUl 4 ‘GO >d Sa1eIpUl 4 JpaXSLIBISE pue paybijybiy ate uediiubls s1am Jeyl SUonIpuod
03PIA 8} U8aM]a( SuosIIedwod pauue|d "10443 prepuels ale sieq 40413 “Juswarow umo = O ‘(393lqo yum)
pueH = OH ‘(19algo ou) pueH = ONH ‘edoasoplajey = |ed ‘pueq (B1aq) ZzHGE-ST Y1 Ul sabueyd smoys g ydedo
"(nwyeydpe) pueq zH £T-8 ayr ul sabueyd smoys v ydels) auljaseq Buoj ajbuls ayl wod) snsay :£'9 ainbi4

[endoo | [enuwe) W [endio0om [eRue)m

* %k

ST o £T

* %k

* %k

£0 c0

WO OH ONH L | o OH ONH 131
auI[aseq 3uo[ A[3uUI§ - ZH S¢€-ST g sufeseq Suoy A[3UIS - ZH €T-8 °V

sporiad auraseq pue aAnIE UsaM)aq Jamod ur adudIafJI

188



6: Mu suppression — a good measure?

suppression to own movement was: t(60) = -3.84, p <.001.”

Overall, with the long baseline, neither mu nor beta showed the pattern corresponding
to the mirror neuron hypothesis. The only case where there was a selective suppression at
central electrodes was when the participant engaged in hand movement. When observing
hand movements, no suppression was seen. The occipital electrodes showed evidence of

alpha suppression, which was greatest when observing the kaleidoscope patterns.

6.3.4 Results for the between-trial baseline

The between-trial baseline was calculated by subtracting the average mu or beta
power across the short rest trials from the active periods of the video conditions and own
movement condition. Figures 6.4A and B show the results. Note that the pattern of
differences between conditions will be the same as for the single long baseline analysis — this
IS because the same averages across the four conditions (the three video types and the own
movement condition) are subtracted from a common average, this time based on the average
power across the short rest periods. For mu, there was a significant main effect of site: F
(1.60) = 8.34, p = .005. The effect of condition was not significant. There was a significant
interaction: F (1.36, 81.72) = 79.83, p<.001. Contrasts comparing suppression across the
video conditions showed that kaleidoscope and hand-object videos differed at the occipital

sites only (F (1, 60) = 14.18, p <. 001, the same as for the single long baseline). Similarly,

7 These planned comparisons are not corrected, as they were pre-registered. However, for the 6
comparisons being made for each ANOVA, the Bonferroni corrected alpha cut-off would be 0.05/6 =
0.008. However, there are arguably not just 6 comparisons being made but rather 12 (6 for each
frequency band for each baseline). Correcting for this number of comparisons, alpha would be 0.004.

Employing these corrected thresholds would mean that a number of the planned comparisons would
no longer be significant. For clarity, the comparisons affected are listed here. For both the single-long
baseline and the between-trials baseline, the difference in beta suppression between kaleidoscope and
hand object videos would no longer be significant. For the within-trial baseline, for the mu band, the
difference between kaleidoscope and hand-object videos would no longer be significant.
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suppression during hand-no object videos was significantly different from the kaleidoscope
videos, at the occipital regions only (F (1,60) = 15.17, p <.001). Suppression to hand-object
and hand-no object videos did not significantly differ at either site. On one-sample t-tests, mu
suppression to the video stimuli was significantly below 0 for all three video conditions (For
HO: t (60) = -2.85, p = .006; for HNO: t (60) = -2.36, p=.021; for kaleidoscope: t (60) = -
2.51, p =.015.) The own movement condition also produced average mu suppression

significantly below 0: t (60) = -7.52, p <.001.

For beta, there was no main effect of site, nor condition, but there was a significant
interaction between site and condition: F (2.02, 121.37) =50.72, , p <.001. Contrasts
comparing suppression across the video conditions for the 13-35 Hz band found that
kaleidoscope and hand-object videos differed significantly at the occipital sites (F (1, 60) =
7.05, p = .010), as did hand-no object and kaleidoscope (F (1, 60) = 9.05, p =.004). Hand-
object and hand-no object videos did not significantly differ at either site. One-sample t-tests
showed that suppression to all three video conditions were significantly below 0 at the central
sites. (For HO: t (60) = -4.99, p <.001; for HNO: t (60) = -3.60, p = .001; for kaleidoscope: t
(60) = -3.81, p <.001). Own movement also resulted in beta suppression significantly below
0: t (60) = -6.85, p <.001.

In sum, with the between-trial baseline, the overall pattern of results was similar to that for
the long baseline, except that there was evidence of suppression of both mu and beta at
central sites. However, this suppression was no different for conditions observing hand
movement than for the kaleidoscope condition, indicating it was not a reflection of mirror

neuron activity.
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6.3.5 Results for the within-trial baseline

This baseline was calculated by subtracting mu or beta power during the static image
component of the videos from the active portion of the videos, on a trial-by-trial basis.
Figures 6.5A and B show the results. (Note that standard error is smaller with this baseline, as
the active periods of the videos are baselined with the static portions of the videos from the
same condition, hence reducing effects of between condition variation.) For mu, there was a
main effect of site: F (1, 60) = 36.23, p <.001. There was no main effect of condition. There
was also a significant interaction between condition and site: F (2, 120) = 12.93, p <.001.
The planned contrasts revealed that the kaleidoscope and hand-object videos were
significantly different both at the occipital (F (1, 60) = 11.54, p = .001) and central sites (F
(1, 60) = 4.82, p = .032). Hand-no object and kaleidoscope videos were significantly different
at the occipital sites only: F (1, 60) = 16.27, p <.001. Hand-object and hand-no object videos
did not significantly differ at either site. One-sample t-tests found that only the hand-object
videos produced mu suppression that was significantly below 0: t (60) = -2.76, p =.008
(although there was trend for near significance for the hand-no object videos: t (60) =-1.97, p

= .054).

For beta, there was a main effect of site: F (1, 60) = 8.154, p = .006. There was no
main effect of condition, nor an interaction. None of the planned contrasts were significant.
One-sample t-tests found that suppression for all three video conditions were significantly
below 0. (For HO: t (60) = -3.74, p <.001; for HNO: t (60) = -2.50, p = .015; for

kaleidoscope: t (60) =-2.24, p =.029).
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To summarise, the within-trial condition was the only baseline to show the predicted
pattern of mu suppression that would be consistent with mirror neuron activity. When
observing a hand manipulating an object, there was significant mu suppression, whereas this
was not seen when observing the kaleidoscope patterns: mu suppression differed significantly
between these two conditions. As indicated in Figure 6.4, observing a hand moving without
an object showed a trend in the same direction as the hand with object, but this fell short of
statistical significance. This pattern was not seen for the beta frequency band, where
suppression at central sites was seen to all three types of stimuli, without any difference

between conditions.

Table 6.4: Mean changes in 8-13 4z power

Single-long Baseline

Kaleidoscope HNO HO Own
Movement
Central -0.001 (0.20) -0.050 (0.22) -0.143(0.22) -1.796 (0.29)

Occipital ~ -1.742 (0.25) -1.250 (0.25) -1.337 (0.23) 0.313 (0.17)

Between-trials Baseline

Kaleidoscope HNO HO Own
Movement
Central -0.397 (0.16) -0.445(0.19) -0.538 (0.19) -2.191(0.29)

Occipital ~ -2.109 (0.25) -1.617 (0.26) -1.704 (0.24) -0.054 (0.15)

Within-trials Baseline
Kaleidoscope HNO HO

Central -0.085 (0.11) -0.240(0.12) -0.295(0.11)
Occipital ~ -1.118 (0.14) -0.681 (0.12) -0.745 (0.11)

Table 6.4: Mean changes in alpha-band (8-13 Hz) power for each condition, and baseline technique.
Numbers in parentheses represent standard error.
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Table 6.5: Mean changes in 13-35 Hz power

Lﬂﬁ Single-long Baseline 6.5:
Kaleidoscope HNO HO Own
Movement
Central 0.039 (0.14) 0.020(0.15) -0.116(0.14) -0.590 (0.15)

Occipital  -0.672 (0.21) -0.519(0.20) -0.521(0.20) 0.019 (0.16)

Between-trials Baseline

Kaleidoscope HNO HO Own
Movement
Central -0.338 (0.09) -0.356 (0.10) -0.493(0.10) -0.968 (0.14)

Occipital ~ -0.839 (0.08) -0.686 (0.09) -0.689 (0.08) -0.149 (0.10)

Within-trials Baseline
Kaleidoscope HNO HO

Central -0.181 (0.08) -0.213 (0.09) -0.303 (0.08)
Occipital  -0.453 (0.05) -0.331 (0.05) -0.362 (0.05)

changes in beta-band (13-35 Hz) power for each condition, and baseline technique. Numbers in
parentheses represent standard error.

6.3.6 Short rest periods versus long rest period

Average mu power from the long rest condition was subtracted from the average
power across the short rest periods, and the significance of this difference assessed using a
one-sample t-test. This showed that both central mu and occipital alpha power were higher in
the short rest periods than the long rest condition, and that the difference was significantly
different from O (for central sites: t (60) = 3.01 p = .004; for occipital sites: t (60) =5.42, p

<.001).

6.3.7 Unregistered analyses - percentage of participants showing expected mu suppression

effects

In addition to the analyses above, | considered how many of the participants showed
expected mu suppression effects — that is, mu suppression significantly below 0 when

performing and observing actions. The report by Tangwiriyasakul et al. (2013) suggested
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around a third of participants do not show predicted effects. This section of the analysis was
modelled on their paper, in which they used t-tests to assess for each participant whether or

not they demonstrated significant changes in mu for their different baseline techniques.

Thus, for each participant, a 95% confidence interval (Cl) was calculated for the
change in mu power at electrodes C3, Cz and C4 (the paper by Tangwiriyasakul et al.
generally considered channels separately, so we did the same for parity), for the observation
and own movement conditions. In order to be considered to have shown the expected mu
suppression effect in a given condition, a participant was required to show a CI that did not
cross zero (demonstrating mu suppression significantly below 0) for at least one electrode
site. How many participants showed significant mu suppression during their own movement
was also examined; Tangwiriyasakul et al. (2013) did not include an own movement
condition, but as mu suppression is considered an index of motor cortex activation this
provided a positive control. For this, right hand and left hand movement conditions were

considered separately.

Table 6.6 shows the percentage of participants who failed to show the expected mu
suppression effect at any of the three electrodes, for each hand video condition and own
movement condition, by baselining technique. While not all participants showed significant
mu suppression to their own movement, between a sixth and a third of participants failed to
show the expected suppression effect when observing the hand videos. Consistent with the
prior analyses, the greatest proportion showing mu suppression was for the hand-with-object
condition using the within-trial baseline (note that it was not possible to baseline the own

movement condition with this technique).
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Table 6.6: Percentage of participants not showing mu suppression effects

Baseline technique Video condition Own movement condition
HNO HO R L
Within-trial baseline 21.3 16.4 N/A N/A
Between-trial baseline 21.3 213 8.2 4.9
Single long baseline 24.6 29.5 4.9 3.3

Table 6.6 The percentage of participants who do not show expected mu suppression effects at
any of the central electrode sites (C3, Cz and C4), for the video conditions and the own

movement conditions (shown with the right and left hand separately). A given participant was
considered to have shown mu suppression if the 95% CI around the average difference in mu

between the active period and baseline period did not cross zero, for any of the three electrode
sites.
6.3.8 Summary of results

The introduction of this study outlined that a key condition for mu suppression to be
considered a valid indicator of MNS activity would be observing an interaction between
condition and electrode site, and that the difference in suppression between hand and
kaleidoscope stimuli would be greatest at the central sites. Although significant site by
condition interaction effects were seen for the 8-13 Hz band, these effects were not due to
significantly stronger central suppression to biological videos — instead, these statistical
interactions were due to stronger occipital suppression to kaleidoscope videos and strong
central suppression to participants’ own movements. For the hand videos, suppression was
always stronger at the occipital sites. The only analysis providing evidence of specific central
mu suppression to hand videos was that using the within-trial baseline. It would appear that
the static-period (within trial) baseline represents a better baselining technique —this was the
only baseline in which the planned comparisons found specific suppression for hand-object
videos. Furthermore, a higher proportion of individual participants showed mu suppression
effects when considering this baseline.
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For the beta band, the only main effect of condition was for the beta band for the
between-trial baseline (and even for this effect, hand-object and hand-no object videos did
not differ from kaleidoscope videos at the central sites, only at the occipital). Similar to the
mu-band, this study failed to find evidence of a specific reaction of the beta band to hand

videos.

6.4 Discussion

Rest periods are commonly used in mu suppression investigations as baseline
conditions. However, using two different rest-baselining methods and examining changes in
power at both the central and occipital sites, this study failed to find evidence for specific mu
suppression to videos of human movement. The final method, using a baseline measure from
a static stimulus at the start of each trial, gave much less variability in measures of mu
suppression (as indicated by the narrower confidence intervals around the mean values for
this baseline), and did give a pattern of results that was consistent with mirror neuron activity,
although as found in previous research, this was much reduced compared to the mu

suppression when performing movements (Woodruff & Maaske, 2010).

The control conditions (watching kaleidoscope patterns, and performing finger
tapping movements) show that it is possible to dissociate mu from occipital alpha. The
positive control condition, in which participants performed movements themselves, confirms
that desynchronization of mu at the central sites captures the activity of the motor areas.
Furthermore, in this condition, where no visual stimulus is observed, there was no alpha
suppression at occipital sites, whereas alpha suppression was substantial when watching
visual stimuli. Indeed, if mu suppression was simply a reflection of alpha confounding, and
mu suppression was inherently tied to changes in attentional engagement, it would be

predicted that the kaleidoscope videos, rated the most engaging by participants, would show
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both the strongest occipital and central suppression. Instead, while kaleidoscope videos
yielded significantly stronger occipital alpha suppression than the biological videos, the
difference between the hand and kaleidoscope videos at the central sites was non-significant,
or in the opposite direction. This is an encouraging finding, as it suggests engagement and
attentional issues are factors that can be separated from mu suppression, and should be

considered and controlled in future mu suppression work.

Similar to Tangwiriyasakul et al. (2013) it was found that a significant minority of the
participants failed to show the expected suppression effect to hand videos, even in theoptimal
within-trial baseline condition. These participants were typical adults with no reported history
of any neurological disorders, nor any diagnoses of autism spectrum conditions. These
observations highlight that mu suppression to observing human action is not a universal

finding, limiting its power as an experimental tool.

In some of the baseline techniques, significant suppression at the central sites to
videos of kaleidoscope patterns was observed, stimuli we would not predict to activate the
mirror neuron system. The question then arises as to whether participants might somehow
have imagined themselves performing the movements they observed. This seems implausible.
These stimuli are highly abstract, and were selected as stimuli that could not be easily
embodied. Furthermore, participants were asked at the end of the recording if they felt they
could perform or imitate the patterns, and almost all of the participants reported that they
could not. Limited differences in central mu suppression between hand and kaleidoscope
videos call in to question the specificity of mu suppression, and again weaken arguments that

this is a valid measure of the MNS.

Broadly, these results are consistent with a recent meta-analysis of mu suppression

studies (Fox et al., 2015), which was published during the data collection phase of this
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registered report. The current report included more participants than any of the studies
included in their meta-analysis, and (unlike many of the investigations reviewed in the meta-
analysis) is sufficiently powered. Fox et al. (2015) determined from the studies they reviewed
that there is strong, central-specific suppression during action execution, no significant effect
of biological (hand) versus non-biological (kaleidoscope) conditions on suppression during
action observation, and a lack of central-specific effects during action observation — results
similar to our findings for the first two of the baseline conditions. Interestingly however,
despite these similarities, we have arrived at different conclusions. Fox et al. (2015) argue
that mu suppression can indeed be used to index mirror neuron system activity. I, by contrast,
argue that evidence for mu suppression is only apparent when a specific kind of within-trial
baseline is adopted that controls for some extent for variability across a session. When other
baselines are used — as was the case for many of the studies in the meta-analysis — the
impression is that mu suppression is typically confounded with alpha suppression, which

occurs in response to the presentation of a new visual stimulus.

Fox et al. (2015) did consider a number of moderating factors in their analysis,
including type of baseline used, and found no moderation effects of baseline on the effect size
of mu suppression. However, this is not in conflict with our argument that baseline is an
important factor. Technically, the strongest mu suppression in the current study was observed
when using a short rest baseline, but it is apparent that these results are confounded by alpha.
Considering baseline’s effect on the strength of mu suppression alone will not prove that this
is indeed an important factor — | argued that specificity is important for determining mu
suppression’s validity. This study opted to consider the pattern of significant and non-
significant mu suppression across our conditions, and only the within-trial baseline showed a

pattern of suppression that was specific to biological stimuli.
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Given these results, treating mu suppression as a proxy for mirror neuron engagement,
and using it as a basis for neurofeedback therapy, requires serious caution. While the original
function of the MNS was purported to be action-understanding, theories about the human
MNS have evolved radically to encompass potential roles in a number of social and
communicative functions, including empathy and language . Indeed, as described in Chapter
5, several investigations have used mu suppression in an individual-differences approach, as a
gauge of the quality or responsiveness of an individual’s mirroring system. This is then
correlated with personal characteristics, such as empathy or prejudice (e.g. Cheng et al.,
2008; Gutsell & Inzlicht, 2010). This study cannot speak to whether the MNS is involved in
such processes or not, but it is worrisome that such studies may be taken as evidence that mu
suppression is a valid and reliable measure of the human MNS, especially as such studies
would seem generally quite underpowered to examine these correlational questions, and
corrections for multiple comparisons have not always been adhered to. In fact, a study by
Silas, Levy, Nielsen, Slade, and Holme (2010) which did use appropriate corrections

concluded empathy measures were unrelated to individual differences in mu suppression.

This study found that mu suppression is not consistently demonstrated from
individual to individual (even in typical participants). One possibility is that individual
variation in mu suppression is meaningful and related to some characteristic that this study
failed to measure. Nonetheless, this study suggests that mu suppression is not specific to
viewing biological stimuli (we argue a key characteristic of the MNS), and thus its use as a
measure of the quality of an individual’s mirror neuron system seems dubious. Furthermore, |
am not aware of any data on reliability of mu suppression— that is, how variable is an
individual’s mu suppression within and between testing sessions? Correlating mu suppression
with individual differences in empathy or prejudice would seem to imply it has some

relatively fixed or stable quality to it.
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Chapter 7 explores how mu suppression in this sample of participants relates to
individual differences in imitation skill, self-reported communication ability and autistic
traits. Another individual differnce that this study’s data was able to examine at was gender.
Although the meta-analysis by Fox et al. noted that studies with predominantly male samples
reported stronger effects, previous investigations studying gender differences in mu responses
reported that females exhibit stronger mu desynchronisation to observation of biological
movement (Cheng et al., 2008; Cheng, Tzeng, & Decety, 2006; Silas, Levy, Nielsen, Slade,
& Holmes, 2010). This study’s sample had a high proportion of females, so any sex
difference in mu suppression could influence our results. Accordingly, a further unregistered
analysis was conducted to explore this issue. No gender effects on activity at the central sites
during action observation were found (See Appendix H: Supplementary unregistered

analyses for mu suppression registered report).

Inconsistent findings in relation to gender raise questions about correlations found
with behavioural measures of individual differences. As Vul, Harris, Winkielman and Pashler
(2009) noted, correlations between behavioural and neurofunctional measures often
overestimate effects: “Such an analysis will inflate observed across-subject correlations and
can even produce significant measures out of pure noise.” (Vul et al., 2009, p.279). Their
article was concerned with fMRI studies, but it raises warnings about the dangers of studying
individual differences using neurofunctional measures of unknown reliability. It is
recommended that any researchers investigating correlates of mu suppression should first

establish the reliability of their measures.

As well as considering the validity of mu suppression as an index of mirror neuron
system activity, a second frequency band was also investigated, the beta band. Researchers
have suggested that mu maybe be more related to sensory processing rather than motor

activity, and changes in beta power, not mu, are indicative of motor cortex activity (Coll et
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al., 2015; Ritter et al., 2009). The recent meta-analysis of mu suppression studies called for
further investigation of beta-band responses (Fox et al., 2015). Overall, as predicted, the
pattern of results obtained for beta was similar to those obtained with the alpha/mu band. This
study’s results suggest beta suppression is no better an index of mirror neuron activity than
mu. However, other investigations have used post-movement beta rebound effects (rather
than suppression during stimulus presentation) to examine beta’s responses. Following
medial-nerve stimulation, when beta typically “rebounds” to higher than pre-stimulation
levels, showing participants videos of actions has been found to suppress this rebound effect
(Muthukumaraswamy & Johnson, 2004). Reduced rebound suppression has also been noted
in participants with autism (Honaga et al., 2010). Further work will need to be done to
ascertain whether post-movement rebound effects offer a better measure of MNS engagement

than simple suppression during stimulus presentation.

6.4.1 Controlling for attention and alpha effects

In their recent meta-analysis, Fox et al. (2015) discussed the problems of attentional
effects and alpha on mu suppression investigations. They argued that mu suppression studies
should include a condition in which no action is observed or executed, but in which
participants experience the same attentional demands as the other experimental conditions.
This attention condition could then be subtracted from experimental conditions to control for
attentional confounds. Although this recommendation is well-justified, in practice it is hard to
implement because we do not have a way of matching attentional demands across tasks.
Some previous investigations have used continuous performance tasks to ensure participants
maintained attention to the screen, but this may be problematic when long resting baselines
are used (when there are naturally no stimuli for participants to continuously count or

monitor).
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The current investigation used an attention check that was less demanding than a
continuous performance task, which was selected to motivate participants to attend to the
screen, and to provide a broad filter for those who failed to do so. It is noteworthy that a large
number of participants (27 of 109) failed this attention check task and had to be replaced. The
final sample included only participants who passed this test, but the high rate of attrition does
suggest that attentional engagement does need to be considered and sufficiently monitored or
controlled for in mu suppression studies. Future work will need to strike a balance between
demanding attention tasks (which could increase alpha suppression and lead to confounding),

and ensuring that participants are paying sufficient attention to the stimuli they are observing.

It was predicted that the long rest period would inflate alpha levels in the baseline,
and thus inflate apparent mu suppression. However, the results do not support this —
significant mu suppression was not seen for any of the video conditions using this baseline.
Indeed, stronger occipital alpha and central mu power was seen in between-trial baseline,
which used short rest periods. This result is unexpected, as the stimulus the participants are
seeing in the short and long rest periods is exactly the same. What this suggests is that the
time-course of alpha and mu responses is also important. Sampling alpha/mu levels in the
middle of the long rest condition is not the same as sampling them at the beginning or end of
this period, and similarly sampling these levels when participants are viewing a blank screen
but when they have just been viewing dynamic videos is not the same. It may be that over the
length of the long resting baseline, alpha levels change, or that going from viewing a video to
a blank screen may induce greater alpha enhancement than sitting without stimulation for a

long period of time.

Kaleidoscope videos produced significantly more suppression in the alpha and beta
bands at the occipital regions, regardless of baseline. These stimuli were also rated by

participants as the most engaging. These stimuli did differ from the hand videos in a number
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of ways, and potentially very slight differences in overall level of motion, or contrast, could
have had an impact on the differences in alpha suppression between these video types.
However, this finding does not explain why this study failed to find an effect of video

condition on central mu suppression, in two of the three baseline techniques.

Finally, one point to note is the suggestion made by Fox et al. (2015) that the tight
association between alpha and mu might be a reflection of “a close coordination of action and
attention”. (Fox et al., 2015, p6). While Fox et al. (2015) themselves do not elaborate much
on this point, what their idea entails is that mu and alpha reflect separable but highly related
processes, and to an extent seeing changes in alpha should not alarm us, as they may be an
inherent part of action processes, alongside motor activity. It is an interesting notion. For this
study however, if one accepts that during action attentional processes are highly probable and
perhaps and natural part of action processes, why are the alpha and mu responses to
participants’ own movements so clearly distinct? The current data would have to suggest this

close coordination only occurs for observing others’ actions.

6.4.2 Object effects in mu suppression

Greater mu suppression to videos in which participants interact with an object has
been found previously (Muthukumaraswamy & Johnson, 2004). | did not replicate this
finding and the recent meta-analysis by Fox et al. (2015) also failed to find a significant
moderator effect of object versus non-object-directed stimuli. Potentially, one reason
previous reports may have found stronger mu suppression to transitive versus intransitive
actions may have been more related to the presence of goals or discernible actions, as
opposed to the mere presence of an object. In Muthukumaraswamy and Johnson’s (2004)
investigation, their stimuli involved precision grips made on an object, and precision-gripping

movements made without contacting an object. A precision grip may be described a goal-
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oriented action, whereas in our stimuli the videos in which the hand interacts with a pencil

are less clearly goal-based actions.

Another possible explanation for why in both the current study and in the recent meta-
analysis mu suppression object effects have not replicated could be that mu suppression is
more related to sensory rather than motor stimuli, and that the tactility of stimuli affect the
strength of mu suppression observed. Using a cross-modal repetition suppression design, a
recent paper by Coll et al. (Coll, Bird, Catmur, & Press, 2015) showed that repetition effects
were only found in conditions where the tactile components of the stimuli were repeated, not
when the motor components were repeated. They thus concluded that mu suppression is more
related to sensory rather than motor mirroring. Arguably, the stimuli in the current study
differed from Coll et al.’s in that there was quite minimal contact between the hand and
object in the hand-object videos. Potentially this could mean that there was not enough of a
tactile element to the videos to cause sufficient suppression and obtain a significant object

effect.

6.4.3 Suggestions for going forward

| would not want to suggest that the procedure used in the current study is “bullet-
proof” or a “gold-standard” way of doing mu suppression studies. Instead, | hope that this
study will serve as a platform for discussion around how best to conduct investigations going
forward, so that researchers can converge upon a reliable setup that is most likely to provide
solid ground for robust breakthroughs in understanding. Mu suppression studies are already
widely used and cited. What do mu suppression studies in the future need to consider?
Several important suggestions were outlined in the recent meta-analysis by Fox et al. (2015).

These include the need for execution and observation conditions to be included in future
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studies, and ways to deal with potential alpha confounding. Here, | re-iterate salient points

and add further novel suggestions.

These findings highlight the importance of considering and presenting the results
from regions associated with alpha, outside of the central sensorimotor strip. As described
earlier, a recent paper utilised a whole-brain approach to analysis to re-examine the issue of
mu suppression deficits in autism (Dumas et al., 2014). When only examining the central
electrodes, the previous reports of mu suppression abnormalities in autism were replicated.
However when their analysis widened to include other regions it was clear that the key sites
of difference between control and autistic participants were not at the central sites, but rather
in the frontal and occipital regions. Indeed, Fox et al. (2015) found in their meta-analysis that
for action-observation conditions, effects were not specific to the central regions, and they
noted that many studies failed to report findings from other sites. To be confident that mu
suppression is indexing changes in activity in motor areas, it must be ruled out that these

changes could be coming from elsewhere.

As discussed in Chapter 5, another concern when reading mu suppression literature is
that there seems to be much room for analytic flexibility, a factor known to be associated
with poorer reproducibility (loannidis, 2005). For example, the parameters of the mu band are
not fixed, and different studies use different definitions of the mu band, with some suggesting
the mu-band needs to be further divided up (Pfurtscheller et al., 2000). Having agreement,
discussion and transparency around how data collected from mu suppression studies is
analysed will be important. The analyses used in the current study were based on what
seemed to be the prevailing approach in the field, and the analysis scripts have been made

open to the scientific community to download, use and adapt.
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Finally, considering data at the individual level will be useful in ascertaining to what
extent mu suppression to action observation is a reliable phenomenon, dependable enough for
experimental or proposed clinical use. In common with some previous experiments, it was
noted that mu suppression is not observed in a significant minority of typical participants. If
mu suppression is to be continued to be used for inferring the processes mirroring systems are
involved in, or comparing groups (such as autistic and typical participants), understanding
why so many participants do not show expected mu suppression effects will be important.
Studies of mu suppression in autism usually present data at the group level, comparing
average changes in mu, but it would be intriguing to know whether the proportion of
participants showing expected mu suppression effects differ between the groups - do more
participants with autism show no mu suppression, or an indeed an increase in mu when

observing actions?

6.4.4. Conclusions

This study is one of if not the largest mu suppression experiment to date, investigating mu
suppression’s validity as a measure of human mirror neuron system activity, and the
importance of baseline methodology. The results suggest that mu suppression calculated
using resting baselines is not specific to biological stimuli, nor the central motor regions.
Similar results were found for beta-band suppression. Using a baseline of a static image
improved the specificity of mu responses, but even when this baseline technique was used, a
significant minority of typical participants did not show the expected mu suppression effects.
This has implications for the future use of mu suppression in experimental settings and for

clinical applications.
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CHAPTER SEVEN: Mu suppression and individual differences in autism traits,

imitation abilities and self-reported communication skills

7.1 Introduction

As explored in Chapter 5, relationships between a number of domains and the mirror neuron
system have been proposed, including action understanding, imitation, language and
communication, social processes, and autism. These accounts would predict behavioural
skills proposed to be supported by the MNS and neurophysiological measures of MNS
activity would show associations. As discussed in Chapters 5 and 6, several researchers have
used mu suppression in an individual differences approach as a measure of a given person’s
mirror neuron system’s quality or responsiveness. If mu suppression can be considered a
valid means to assess mirror neuron functioning, then it is reasonable to predict that mu
suppression and these domains should show correlations. Chapter 5 discussed studies
examining language (namely speech perception and language comprehension), social
processes and autism, using mu suppression as means to explore these domains in relation to
the MNS. Here, | consider the evidence for a relationship between mu suppression and

imitation, autistic traits and communication skills.

7.1.1 Does imitation mediate findings of abnormal mu suppression in autism?

Mu suppression has been suggested to be related to individual differences in imitation
skill, and some have even suggested that the link between autism spectrum conditions and
abnormalities in mu responsivity may be mediated by imitation (Bernier, Aaronson, &
McPartland, 2013; Bernier, Dawson, Webb, & Murias, 2007). Two studies have found mu
suppression and imitation to correlate. Bernier et al. (2007) compared 14 adults with ASD
and 15 typical controls on their changes in mu power during imitation, observation and

execution tasks, and also assessed their participants’ imitation skills. In keeping with previous
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investigations, they found their autistic group showed impaired imitation skills (on all types
of imitation tested), and reduced attenuation of the mu wave when observing others’ actions.®
Bernier et al. (2007) noted that behaviourally assessed imitation skills were correlated with
mu attenuation during the observation and imitation EEG conditions. This correlation was
particularly strong for facial imitation. The authors suggest this may be because this kind of
imitation has an even greater reliance on the observation/execution matching system, the

activation of which is captured by mu suppression.

In a later study with autistic and typically developing children (with 19 participants in
each group), Bernier et al. (2013) did not find significant differences between groups in terms
of their mu responses to observing others, but again noted an association between mu
responsivity and behaviourally assessed imitation abilities. Correlational analyses found
significant associations between mu suppression in the observation condition and facial
imitation ability (this study did not have an imitation EEG condition). Correlations were not
found between mu suppression and hand imitation, nor autism related communication
impairments (drawn from the ADI-R communication subscale score — previously an
association between mu suppression and this subscale has been shown by Fan, Decety, Yang,
Liu, and Cheng, 2010). Considering the mu responses of the children individually, five
typical children and two autistic children did not show mu suppression during the observation
task. Comparing this group of seven children to the rest of the sample on their imitation
performance, they were significantly poorer than the other children on their facial imitation

abilities. The authors speculate that perhaps mu suppression may not be related to autism per

& However, no main effects of group or interaction effects actually emerged from the analysis. This
conclusion was interestingly driven in part by a non-significant difference in mu suppression between
execution and observation conditions in their typical controls, while a significant difference was
observed in ASD participants. Arguably, the non-significant effect in the typical group is what is
unusual, rather than the effect in the ASD group, as execution of action has been shown to lead to
greater mu - see Woodruff & Maaske, 2010.
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se, but rather to imitation abilities — which often are poor in autism, but can also vary greatly.

This could perhaps explain the heterogeneous findings of previous mu suppression studies.

These two studies hint at an association between imitation and mu suppression, but
two other studies have argued against it. Ruysschaert, Warreyn, Wiersema, Oostra, and
Roeyers (2014) also examined the relationship between mu suppression, imitation ability and
autism symptomatology in sample of young children (with a mean age of around 40 months),
including 18 with ASD and 19 typical controls. They found no correlations between mu
suppression and performance on their imitation tasks, and autism symptomatology (as
measured by the SCQ) correlated with mu suppression in the typical group only (and even
then, the correlational was only marginal — p = .08). While Fan et al. (2010) did not examine
the actual correlations between imitation and mu suppression, they point out that while their
autism group showed poor imitation performance, these participants’ mu suppression was

intact, suggesting a dissociation between mu responsivity and imitation skills.

So far, the evidence for a relationship between imitation and mu suppression is
equivocal. However, these studies lack the power to properly ascertain whether or not
correlations between behavioural characteristics and EEG phenomena are present -
correlational questions such as these require larger samples, but even the largest correlational
study conducted into imitation and mu suppression had 38 participants. Exploration of these

relationships with larger sample sizes is needed.

7.1.2 Do imitation skills pattern with autistic traits?

Considering the hypothesis put forward by Bernier et al. (2013), that imitation may be
more strongly related to mu than autism diagnosis, it would be useful to know to what extent
autistic traits and imitation skills are related to one another. Intriguingly, while imitation is

considered to be a predictor of language and social development, and poor imitation is
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considered a key deficit in autism, no studies have examined the relationship between
imitation skill and autistic traits in the general population. Examining such associations in
typically developed populations may seem unwarranted, but autism has been argued not to
represent a qualitatively distinct group of individuals, but rather an extreme end of a
distribution of traits (e.g. Constantino & Todd, 2003). Exploring the patterning of skills
considered poor in ASD with autistic traits in the general population could help to inform
autism research about what deficits in ASD can be thought of as being at the extreme end of a

distribution, rather than qualitatively disordered.

Indeed, as autism is considered to be a highly heritable condition, family members,
including the siblings and parents of autistic individuals, are assumed to carry some of the
genes associated with autism. Studying their performance on a variety of tasks has been used
to investigate the broader autism phenotype — that is, what sub-clinical characteristics are
manifested in relatives who do not have clinical autism. Understanding this can help inform
researchers what difficulties in autism are genetically transmitted. Considering the
importance that has been given to imitation difficulties in both old and new theories about
autism (Rogers & Pennington, 1991; Williams, Whiten, Suddendorf, & Perrett, 2001), it is
interesting to ask - are imitation deficits part of the broader autism phenotype? In fact, little
evidence exists to answer this question, though two studies have investigated imitation
performance in “at-risk” younger siblings (children whose older siblings have autism, and
who are therefore at a higher risk of being diagnosed with the condition themselves). The
findings of these studies conflict; imitation difficulties were found in one sample of at-risk
siblings, but not in the other (Toth, Dawson, Meltzoff, Greenson, & Fein, 2007; Young et al.,

2011).

7.1.3 Do EEG measures of the MNS correlate with autistic traits?
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As well as studies investigating differences in mu suppression between clinically
autistic and non-autistic groups, other studies have suggested that within the general
population MNS responsivity measured with EEG is associated with level of autistic traits in
non-clinical samples. Several papers by one group of researchers have suggested links
between scores on the Autism Spectrum Quotient (AQ) — a questionnaire considered to
capture an individual’s level of autistic traits— and beta responsivity (Cooper, Simpson, Till,
Simmons, & Puzzo, 2013; Puzzo, Cooper, Cantarella, Fitzgerald, & Russo, 2013; Puzzo,
Cooper, Vetter, & Russo, 2010). As discussed in Chapter 6, changes in the beta band have
also been suggested to capture the activation of the MNS (although the study in Chapter 6 did
not find beta to fit the pattern of reactivity expected of the MNS). While perhaps in keeping
with the theories positing that the MNS has a role in ASD, these studies are limited by not

correcting in their analyses for multiple comparisons, inflating Type 1 error.

Puzzo et al. (2010) examined the EEG responses of groups of typical participants who
scored high or low on the AQ to observations of hand actions and static hand images. This
study looked at both mu band and beta band activity, at sites over both the motor and
premotor areas. They found a group difference for beta, at premotor sites only, and this effect
was driven by enhanced ERD to static hands in the high AQ group. Thus, while there was a
difference between static and moving hands for the low AQ group, this difference was not
significant in the high AQ group, but not because the sensorimotor cortex was not active

during the action observation condition, but because of activity during the static hand period.

In another study, Puzzo et al. (2013) considered the effects of repetitive TMS to the
inferior parietal lobule (IPL — an area considered part of the human MNS) on beta and mu
responsivity to similar stimuli. They included participants with average or high AQ scores.
The results are complex, and are largely concerned with beta rather than alpha. In the sham

TMS condition, they replicated their earlier finding that participants with high AQ scores
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show limited differences in beta ERD at premotor areas, when comparing the conditions in
which participants view static hands and moving hands. As shown previously, participants
with average AQ scores did show a difference in beta ERD in these conditions. They
predicted that stimulation to the IPL would enhance alpha and beta ERD during action
observation (the moving hand condition). This was not found — there was no difference
between active and sham TMS condition on either frequency band during action observation.
However, TMS did increase beta ERD during the static hand period, in the average AQ
group. Thus, in the average AQ group, stimulation to the IPL appears to increase the
reactivity of the sensorimotor cortex to static stimuli, but not to action observation. For the
high AQ group, there were no differences between static and moving, in either sham or active
TMS. Taking these findings all together, the authors suggest that perhaps as the MNS is
already maximally active in the average AQ group, stimulation does not activate it any
further. However, MNS activity is able to be increased in the static period. In the high AQ
group, they suggest the system may be hyperactive during static hand observation, leading to

no differences between static and moving conditions, and limited effects of TMS.

One concern with this paper is the large number of factors in the analysis, without any
apparent correction applied to account for the increased likelihood of finding a significant
effect due to multiple comparisons. The factors in the analysis included AQ group (high
versus low), TMS condition (sham versus active stimulation), stimulus condition (static hand
versus video) and electrode site. This analysis was run twice for two different regions (frontal
and central), and the dependent variables included multiple frequency bands. For each
frequency band and region, the analysis is testing for four main effects, six two-way
interactions, three three-way interactions and one four-way interaction. The likelihood of
finding a significant main or interaction effect — for each analysis and dependent variable — is

over 50%.
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Similar limitations apply to a third paper by this group. Cooper et al. (2013) also
investigated EEG responses to actions performed by happy, neutral or angry actors in a
sample of participants with high or low AQ scores. They suggest that the beta responses to
these facial expressions show a different pattern in the two AQ groups. However, the high
number of factors in their analysis (group, expression, site, and frequency band) mean that
significant effects are hard to interpret, given the problem of multiple comparisons (no

mention of corrections for multiple comparisons is made).

7.1.4 Aims of this project

This project aimed to test the relationships between the proposed EEG measure of the
human mirror neuron system — mu suppression — and behavioural characteristics related to
autism. Specifically, one aim was to examine if the correlation between imitation skill and
mu suppression during action observation found in previous studies could be replicated. In
addition, the relationship between mu responsivity and level of autism traits and
communication competence was considered. Given previous researchers have suggested that
mu suppression in other communication disorders should be examined, and given theories
suggesting that the MNS underpins language and communication, a self-report measure of
communication ability (the Communication Checklist Self Report — CC-SR) was also

included.

Finally, aside from relationships with mu, there are theoretical reasons to predict that
these behavioural measures could be related in their own right. As there is currently limited
evidence about imitation ability in the broader autism phenotype, it seemed also interesting to
examine how level of autism traits relates to imitation ability. Also, the CC-SR and AQ could
arguably be said to assessing highly related constructs — communication competence

(including pragmatic skills and social interest) and autism traits. However, no previous
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reports seem to have examined whether these two measures correlate. The relationships
between participants’ imitation abilities, autism traits and self-reported communication skills

were thus also explored.

7.2 Method

In addition to the electrophysiological data collected during the study (described in Chapter
6), participants were also asked to perform behavioural tasks of imitation, and fill-in two self-
report questionnaires of autism traits and communication skill. The EEG data was collected
and analysed as described in Chapter 6. In the present study, only suppression to hand videos
was examined. As described in Section 6.2.3, the hand video stimuli included transitive and
intransitive videos of hand actions, which were presented in mixed blocks throughout the
EEG session. Behavioural imitation skills were assessed using the Mature Imitation Task
(MIT), autistic traits using the Autism Spectrum Quotient (AQ), and communication skill
using the Communication Checklist — Self Report (CC-SR), all described below. All the
behavioural tasks were administered before EEG set-up and recording, starting with the CC-

SR, followed by the AQ, and then the MIT.

There were no language criteria for the mu suppression registered report - because of
this, not all of the participants were native English speakers. This is problematic for the CC-
SR, which was developed and normed on native English speakers. Scores are therefore open
to bias where individuals who have good communicative competence in their own native
languages score lower when completing the questionnaire about themselves while in the UK,
due to the increased demands of communicating in a second language. Participants who
spoke English as a second language were therefore asked to complete the questionnaire
reflecting on how they are when communicating in their mother tongue. This is still

imperfect, as the items in the CC-SR have been developed and selected for English-speakers,
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but it was felt it would provide a better picture of individuals’ communicative competence

where they were non-native English speakers.

7.2.1 Mature Imitation Task

The Mature Imitation Task is an unpublished imitation battery (Rogers, Cook, &
Greiss-Hess, 2005), and has been used previously in investigations of mu suppression and
imitation (Bernier et al., 2013, 2007). The MIT includes a number of different imitation tasks
including a) single facial postures b) sequences of three face postures c) single meaningless
uni-manual hand postures d) sequences of three meaningless uni-manual hand postures €)
single hand postures requiring both hands f) meaningless body movements and g) actions on
objects (administered always in this order, using the same trial order in each subtest).
Participants were shown all the actions with pre-recorded stimuli, with a male model, to
ensure the consistency of presented actions. Participants were instructed to copy the model as
closely as they could, and their responses were filmed and coded offline according the

unpublished manual for the MIT.

The MIT does not currently have published norms. In the current study, percentage
scores were calculated for hand, face, body movement and actions with objects (shown in
Table 7.1). Bernier et al. (2007) summed their scores, rather than calculating percentages.
However, total imitation score, face summary score and hand summary scores were
calculated to compare the imitation performance of this sample with that of Bernier et al
(2007). The imitation performance of the typical adult group in Bernier et al. (2007) (N=15)
is comparable to that of the sample in this larger study. In Bernier et al. (2007), total
imitation, face summary and hand summary scores had averages (and standard deviations) of
185.2 (13.1), 57.7 (4.3) and 45.9 (7.8), respectively. In the current study, the average scores

were: 180.36 (12.33), 55.02 (7.43), and 43.42 (8.62). The performance of the current sample
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of typical adults therefore seems quite comparable to that of Bernier et al. (2007), and

suggests good fidelity of the MIT.

Table 7. 1 Mean imitation performance of sample

Imitation measure % score
Actions with objects 74.94 (7.37)
Body movements 85.96 (10.06)

Facial imitation
(includes single and sequenced facial 85.97 (11.60)
tasks)

Hand imitation
(includes single and sequenced hand  67.84 (13.47)
tasks, and complex hand tasks)

Total imitation 79.45 (5.43)

Table 7.1: Means and standard deviations for the imitation performance in the MIT.

7.2.2 Communication Checklist — Self Report

The CC-SR is a questionnaire measure for adults to rate their own communication
skills (Bishop, Whitehouse, & Sharp, 2009). It contains 70 items, and the answers load onto
three sub-scales; structural language, pragmatic language, and social engagement. The
structural language sub-scale assesses a participant’s mastery of the linguistic aspects of
language, including speech, syntax and semantics. Items for this scale include statements
such as, ‘I mix up similar words’ and ‘I leave out sounds in words’. The other two subscales
are concerned with social communication. The pragmatic language skills subscale assesses
participants’ level of appropriate communicative behaviours (for example, ‘I am told I keep
going on about things no one else is interested in’ and ‘I copy what other people say’). The

social engagement scale assesses poor social communication relating to a passive
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communicative style (for example, ‘I feel anxious when I am with other people’ and ‘People
say that my face looks blank”). For each item, participants indicate the frequency with which
the statement applies to them, selecting between: less than once a week (or never), about once
a week, once or twice a day, or several times a day (or all the time). Lower scaled scores
(though higher raw scores) indicate an increased level of communication difficulties. The
CC-SR has been standardised and normed. Standard scores for each subscale have a mean of
10 and an SD of 3. The current sample of 50 participants, with means of approximately 11
and standard deviations of approximately 3 for each of the subscales, thus showed quite a

typical range of scores (see Table 7.2 for exact means and standard deviations).

7.2.3 Autism Spectrum Quotient

The AQ is a widely used self-report questionnaire measure considered to capture the
level of autism traits shown by an individual (Baron-Cohen, Wheelwright, Skinner, Martin, &
Clubley, 2001; Ruzich et al., 2015). It was developed based on the idea that autism lies on a
continuum of traits, and thus autistic traits can be measured with a quantitative approach. The
AQ comprises of a series of statements (e.g. ‘I would prefer to go to a library than a party’),
for which participants are asked to mark whether they agree or disagree with the statements
describing themselves. It contains 50 items, assessing social skill, attention switching,
attention to detail, communication, and imagination. A score of 32 or higher is usually
considered to suggest a level of autism traits usually found in clinically diagnosed cases
(Baron-Cohen et al., 2001). In a recent systematic review of the AQ, the mean score, drawn
from a pooled sample of 4931 typical participants was 17 (15, when studies explicitly
excluded participants who are part of the broader autism phenotype), and the mean for
individuals with ASD was 35 (based on a pooled sample of 1374). The mean AQ score of the

current sample thus appears to be quite typical for a non-clinical sample (M = 14.8). Three
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participants in the current sample did score 32 or higher on the AQ, indicating a high level of

autism traits.
7.2.4 Participants

The final sample of participants for the registered report examining mu suppression
was 61. To be included in this sample, participants had to pass an attention check (they had to
report seeing three grey stars and three grey arrows during the EEG recording — see Section
6.2.3 Procedure), and yield enough trials for the EEG analysis. Of these 61, 50 completed the
MIT imitation assessment — the other 11 participants did not undertake the imitation tasks due
to time restraints. For parity, these 11 participants were not considered for the correlations
between the questionnaires and the EEG measures, so all correlations are based on the same

set of 50 participants. This sample included 32 females and 18 males.

Table 7.2 Participant characteristics

Variables Mean/Frequency
Gender 32F, 18 M.
Age (years) 22 (3.53)
Non-native English speakers 14
AQ 14.8 (8.29)
Structural-language 11.4 (3.49)

o

(B}
% S 8 Pragmatic-language 11.1 (3.07)
O3 8
O gwn o

& Social interest 11.2 (3.04)

Table 7.2: Participant characteristics (N=50). Frequencies for participants’ gender and language-
status are shown. For variables age and AQ, the mean is shown with the SD.

7.2.5 Correlational analysis plan
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The actions observed by participants during the EEG recording included hand actions
with objects (HO), and hand actions without objects (HNO). Previous investigations have
examined the correlations between imitation and mu suppression to transitive stimuli, and
none have considered the potential for differential relationships between imitation abilities
and mu suppression to transitive versus intransitive stimuli. However, by examining the
behavioural correlates of two separate mu suppression measures to an already moderately
large number of behavioural measures, it was clear this would inflate Type 1 error, or require
such a stringent statistical significance threshold that it was highly unlikely that any
associations would survive corrections, thereby inflating Type 2 error. It was therefore
decided to average the mu suppression of HO and HNO together, and to consider the
relationship between just this measure and behavioural measures. As there were directional
predictions about the correlations that could be derived from both previous empirical
investigations and theories, the correlations were assessed with one-tailed tests. Specifically,
reduced mu suppression (i.e. suppression values closer to or above zero) was predicted to be
associated with increased autism traits, poorer self-reported communication skills, and poorer
imitation skills. (Note that because higher AQ scores relate to higher AQ traits, and higher
CC-SR scores relate to better communication skills, we predicted positive correlations
between mu suppression and AQ, and negative correlations between mu suppression and the

CC-SR)

As described in Chapter 6, there were several methods of baselining mu suppression
measures explored in the current dataset. Given the results of the registered report, the
suppression scores used in these analyses represented those baselined with the static image,
as this baseline appeared to yield the best results in terms of specificity to biological motion.
Beta-band activity (15-35Hz) was not examined, and neither was suppression at the occipital

sites. Thus, this study considered individual differences in the average suppression to hand
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videos (including both HO and HNO videos) at the central electrodes, in the 8-13 Hz range,

using the within-trial baseline described in Chapter 6.

7.3 Results

7.3.1 Correlations between mu suppression, autism traits and communication skills

Several of the imitation subscales (including actions with objects, body movements,
face movements) and the questionnaire measures (AQ and the social-engagement subscale of
the CC-SR) were not normally distributed according to the Shapiro-Wilk’s test. Because of
this, Spearman’s Rank was used to calculate the correlations between the measures. One-
tailed correlations were calculated for the association between averaged mu suppression to
hand videos and scores on the AQ, CC-SR and imitation tasks. There were nine comparisons
being made at this stage, and thus correcting for multiple comparisons would mean the

adjusted significance threshold would be 0.006.

Table 7.4 shows the correlations between the measures. Only one association was found that
would survive this threshold and it was with imitation total score rs=.384, p=.003. Figure 7.1
shows the scatter plot for this correlation. Mu suppression also correlated with hand imitation
(rs =.265, p=.032) but this would not survive correction for multiple comparisons. No other

associations were significant, even to the uncorrected p = .05 level.

7.3.2 Correlations between behavioural measures

Correlations between imitation scores, self-reported autistic traits and communication
abilities were also considered. Considering all relationships between the imitation measures
and questionnaire measures meant there were 20 comparisons being made, thus a stringent

correction for multiple comparisons would be p =.0025. In addition, correlations between the
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AQ and the CC-SR subscales were also examined. Adding these further three comparisons

would mean the corrected threshold would be p =.0022.

One-tailed tests were again used, as there were directional predictions for the
relationships between imitation skills and questionnaire measures (it was predicted that
participants with poorer imitation would show higher levels of autistic traits and

communication difficulties).

Mu suppression and Total Imitation Score
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Average mu suppression during action observation

Figure 7.1: Scatter plot showing the correlation between total imitation score and mu suppression
during the hand videos. The red dashed line emphasises mu suppression values of zero, which would
indicate no differences between mu power during the baseline period and during the movement period
of the hand videos.

Total imitation score correlated with AQ score (rs = -.236, p =.049) and the structural-
language subscale of the CC-SR (rs =.299, p =.018), but neither of these associations would
survive corrections for multiple comparisons. Of all the imitation sub-scales, only the

imitation of hand actions was found to show any significant correlation with the
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guestionnaire measures; with AQ, rs = -.341, p=.008; with the social engagement subscale of

the CC-SR, rs = .257, p=.036; with the structural language subscale of the CC-SR, rs = .375, p

=.004. Again, these associations would not survive stringent correction for multiple

comparisons.

Scores on the AQ correlated moderately to strongly with all three CC-SR subscales.

With the pragmatic skills subscale, rs = -.401, p =.002. With the social engagement subscale,

rs =-.656, p <.001. For the structural language subscale, rs =-.377; p =.004, but this

correlation would not survive correction for multiple comparisons. Figures 7.2 and 7.3 show

the correlations between AQ and the pragmatic language and social engagement subscales.
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Figure 7.2: Scatterplot showing the correlation between the CC-SR pragmatic subscale score
and AQ score.
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CC-SR Social Engagement Scale and AQ
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Figure 7.3: Scatterplot showing the correlation between the CC-SR social engagement
subscale score and AQ score.
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Table 7.3 Correlation Matrix

Mu suppression %\\\\\\\\\% 021 .384** .206 .015 117 .265*
CC-SR LS .081 e %\\\\\\\\\\% .620*** .299* .087 .003 076 375*
CC-SR PS 122 -401*** | .692*** %\\\\\% J12%** 202 170 .050 .015 201
CC-SR SE .021 -.656*** | .620*** J12%** &\\\% .103 - .079 -.054 .100 257*
Im!tat!on'Tota_I .384** -.236* .299* .202 103 &\\\\\\ .320* 206 378* .7195*
{NE’{IZ%E]}CE{:;”S .206 -.042 .087 170 .079 .320* &\\\\\% -.

Table 7.3: Correlation matrix, of one-tailed correlations
*<.05, ** <.006 (the corrected threshold for 9 comparisons), *** <.0022 (the corrected threshold for 20 comparisons), ****

between mu suppression, and behavioural

measu

res. Significance values are indicate
<.001.
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7.4 Discussion

While unquestionably still underpowered for correlational analyses with this
number of factors, this project is one of, if not the, largest correlational study performed
with mu suppression, and certainly the largest yet that has examined relationships with
imitation ability. Mu suppression during the observation of hand action videos was
found to correlate significantly (even after correcting for multiple comparisons) with
total imitation score, but not in the direction predicted by previous accounts. Weaker mu
suppression was found to correlate with better imitation performance. Neither hand nor
face imitation abilities were found to correlate significantly with mu suppression after
correction for multiple comparisons. Our results do not support the account that reduced
mu suppression is related to poorer imitation abilities, or that heterogeneity in imitation
skills could account for the disagreement in previous mu suppression findings in autistic

samples.

While the direction of this correlation is contrary to what would be predicted by
contemporary mirror neuron accounts, two potential explanations are proposed to
account for this significant relationship. The first is that increased mu suppression in
participants with poorer imitation skills could reflect the fact these participants have
mirror neuron systems that are inefficient and exhibit more “effort” during processing.
Thus, activity was increased in some participants, but not related to improved
performance. This account would manage to preserve the theoretical link between
imitation ability and the MNS, but seems highly unlikely given that this direction of
association was not described by previous reports. An alternative explanation could be
that success on the MIT was more reliant on processes other than perception-action
matching. Indeed, for some of the harder subtests of the MIT such as the hand or face

sequences tasks, strategies such as verbal labelling may have been more likely to
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increase imitation accuracy, rather than relying on perception-action matching alone. If
some participants were opting to use strategies such as this, then the EEG observation
condition and behavioural imitation task would differ in their reliance on perception-
action matching processes (processes assumed to be reflected by mu suppression). This
would diminish the association between mu suppression and imitation scores, and may
even reverse the association if perception-action matching proved a weaker strategy

than labelling for remembering and performing the modelled actions.

As well the relationship between imitation and mu suppression, this study
examined the associations between these factors and autism traits and communication
skills. The suggestion that imitation, communication and autism are related through a
shared connection with the MNS has been raised many times. Oberman and
Ramachandran (2007) suggested that a broken MNS could underlie the social, imitation
and communicative deficits seen in ASD. The MNS has been argued to have been key
in the evolution of our ability to communicate with others (and imitation and mimesis is
proposed to have played a role in this development), and indeed authors have advocated
the use of mu suppression to investigate MNS dysfunction in children with
communication difficulties (Arbib, 2012; Le Bel, Pineda, & Sharma, 2009; Rizzolatti &
Arbib, 1998). If mu suppression is assumed to be an adequate measure of MNS function
(and the results of Chapter 6 call this assumption into question), then our findings
provide quite weak support for the idea that these domains are linked, via a common
dependence upon the MNS. Autistic traits and communication skills did not correlate
strongly with mu suppression, nor with imitation ability. This latter finding is
problematic for the MNS account, even if one accepts that the lack of correlations
between mu suppression and these behaviours is due to mu suppression representing a

poor measure of MNS activation.
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We also examined the agreement between two commonly used questionnaire
measures in the study of communication and autism traits — the CC-SR and the AQ.
Two of the subscales of the CC-SR correlated with AQ score, the social engagement
and pragmatic skills subscales — the correlation with the structural language subscale
would not survive stringent corrections for multiple comparisons. One hypothesis that
could explain this finding is that language and communication difficulties form part of
the broader autism phenotype. Initially, such an account may appear to conflict with the
work of Bishop et al. (2004), who found limited evidence of language impairment in
relatives of individuals with ASD. In actual fact, the findings here are complementary —
as discussed by Bishop et al. (2004), findings of language deficits in relatives of
individuals with autism appear most likely to arise when investigations use self-report
measures of language and literacy problems. Using the AQ in their own study, Bishop
et al. (2004) split their sample of parents into those exhibiting high and normal scores of
autistic traits. Those with higher AQ scores were more likely to report early language
and literacy problems, despite not showing any group differences to the other groups of
parents on direct tests of verbal 1Q, nonword repetition or reading. Thus, these parents
report language problems, but do not demonstrate them in objective testing. Bishop et
al. (2004) drew parallels between their findings and those of an earlier study
(Fombonne, Bolton, Prior, Jordan, & Rutter, 1997), which similarly found parents of
autistic children reported language delay more often than control parents, but showed no

differences to this group on direct measures of language and literacy.

Bishop et al. (2004) outline two possible explanations for these findings. The
first is that having children with autism makes parents more sensitive to their own
communicative abilities, and may make them more likely to notice what they believe to

be deficits, biasing their self-reports. In the current study, participants were not asked
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about whether they had a relative with autism, but given the prevalence rate of autism it
seems unlikely that there would be a high number of subjects with autistic relatives that
could drive these correlations, if this bias account were true. Instead, one could consider
Bishop et al.’s (2004) alternative suggestion — that the communication difficulties are
real, but different to the communication skills assessed by verbal or phonological
processing. They note that assessing pragmatic skills objectively is much harder to do
than for structural language skills. Discrepancies between objective tests of language
skill and self-reports of language problems may reflect the fact that individuals with the
broader autism phenotype have pragmatic language deficits that do impact their daily
communication, but these pragmatic deficits are not problematic for tests of structural
language, such as verbal 1Q or nonword repetition tasks. Extending this theory to the
current sample, such a hypothesis would appear to fit with the finding that the two sub-
scales of pragmatic language skill and social engagement exhibited strong correlations
with the AQ, but the correlation with the structural language scale did not survive

corrections for multiple comparisons.

Alternatively, these associations could arise because the two questionnaire
measures ask similar questions. There are certainly some important differences in the
questionnaires’ content; the CC-SR includes many items addressing language skills,
while the AQ includes items on attention switching, attention to detail and imagination.
Nonetheless, examining the questionnaires’ items, the correlations between the AQ and
the social engagement and pragmatic subscales of the CC-SR may well be at least partly
driven by some of the items being highly similar. Table 7.4 shows some of the items

that are very comparable to one another.

7.4.1 Limitations
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It is important to note a number of limitations with the study. Primarily, the

sample had an unbalanced number of males and females, and included a high proportion

of non-native English speakers. Previous studies have suggested that females

Table 7.4 Similar items from the AQ and CC-SR

AQ items

CC-SR items

| find it easy to work out what someone
is thinking or feeling just by looking at
their face

People often tell me that | keep going
on and on about the same thing

| enjoy social occasions

| find social situations easy

Other people frequently tell me that
what I’ve said is impolite, even though
I think it is polite

| prefer to do things the same way over
and over again

When [ talk, it isn’t always easy for
others to get a word in edgewise

It does not upset me if my daily routine
is disturbed

| am often the last to understand the
point of a joke

| find it hard to know when someone is
upset or annoyed

People say I tell them things they
already knew

| feel anxious when | am with other
people

| find it hard to express myself in a
group of people

| hurt or upset people without meaning
to

When | have free time | choose the
same favourite activity

People tell me I talk to much

| am okay when unexpected things
happen. For example, | would keep
calm if I planned to work on a computer
but couldn’t because it wasn’t working

| don’t understand other people’s jokes

Table 7.4: Examples of similar items on the CC-SR and the AQ.

exhibit stronger mu suppression responses, and lower scores on the AQ (Baron-Cohen

etal., 2001; Silas, Levy, Nielsen, Slade, & Holmes, 2010). A higher number of males
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would have been useful to the study, and could have increased the variance in the
reported AQ scores — more were tested, but were excluded due to failing the attention
check criteria. Furthermore, the inclusion of non-native English speakers may have been

problematic for the CC-SR.

In addition, while our findings may have interesting implications for reported
imitation deficits in ASD, the sample was composed of neurotypical participants, and
therefore we must be cautious about the application of these findings to the autistic
population. It may be that while imitation and autism traits show limited relationships in
typical individuals without a genetic risk of autism, they may be more strongly related
in autism, or relatives of autistic individuals. Perhaps a MNS that is “good enough” will
allow participants to develop sufficient communication and imitation skills, and thus
unless the MNS is disordered the correlations between scores on the behavioural
measures and MNS responsivity will be relatively limited. This account would suggest
that while correlations in typical populations will be weak or non-significant, group
differences will arise when comparing groups of participants with and without abnormal
mirror neuron systems on measures of MNS functioning, and behaviours underpinned
by mirror neurons. As reviewed in Chapter 5 however, the evidence for atypical mu

responsivity in autism is equivocal.

Indeed, our participants were not questioned about their family history of
autism. Knowing whether any of the sample did have an increased genetic risk of
autism could have been interesting, although it seems unlikely that many participants
would have had parents or siblings on the spectrum, and the group size would probably
have been too small to examine the effect of genetic risk for autism on the association

between mu responsivity and the behavioural measures.
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Furthermore, level of autism traits and communicative skills were assessed using
self-report measures rather than direct testing. As noted in the discussion above, there
have been discrepancies between self-report and objective language measures in
previous investigations. Indeed, it could be argued that individuals with poor pragmatic
or social skills may not be as aware of the communicative errors they make compared to

others with good communicative abilities.

Differential relationships between the behavioural measures and mu suppression
to transitive versus intransitive stimuli were not explored here, and have also not been
explored in previous investigations. Here, the decision to analyse the relationships
between behavioural measures of mu suppression to both hand-object and hand-no
object videos together was based on concerns about inflating either Type 1 or Type 2
error, and mu suppression to hand-object and hand-no object videos was also very

highly correlated.

Finally, as was also noted in Chapter 6, this study did not examine the reliability
of mu suppression as an individual differences measure. There is yet limited evidence
that mu suppression captures a stable or fixed quality, and therefore reported
correlations with personal characteristics must be caveated. In fact, total imitation score
exhibited greater variance than many of the imitation sub-scales, and thus perhaps had

the best chance of correlating with mu suppression.

7.4.2 Summary

Mu suppression during action observation was found to correlate with a measure
of imitation performance, but in the opposite direction of what would be predicted by
previous studies and theories. This was the only correlation to arise between mu

suppression and a number of individual differences, including imitation subtypes,
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communications skills and autism traits. Imitation was not found to correlate with either
autistic traits nor self-reported communication skills, which challenges theories that
suggest these domains share a reliance on the mirror neuron system. Pragmatic language
skills and social engagement skills were found to correlate with level of autistic traits, a
finding that compliments previous findings of self-reported communication difficulties

in relatives of autistic probands.
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CHAPTER EIGHT: Discussion

Through two distinct projects, | have explored issues relating to imitation and autism,
from quite different perspectives. The main questions that this thesis aimed to address

Wwere:

e Are imitation deficits a site of behavioural overlap between ASD and SLI, and
do the two conditions show similar patterns of imitation deficit?

e Why do children with ALI show flat nonword repetition performance? Can
broad problems with imitation, autism severity, or the social demands of the task
explain this pattern?

e Is mu suppression a good index of the human mirror neuron system?

The answers that my findings have suggested for these questions are considered in turn

below.

8.1. Is imitation a shared deficit between ASD and SLI?

Based on previous investigations of motor imitation in both disorders (e.g.
Dohmen, Chiat, & Roy, 2013; Stone, Lemanek, & Fishel, 1990; Vukovic, Vukovic, &
Stojanovik, 2010), the hypothesis that both autistic and non-autistic children with
language impairment might show deficits in imitation seemed reasonable. Indeed, the
pattern of deficits found by Dohmen et al. (2013) appeared to suggest that language
impaired children might even show a similar profile of imitation impairments to
children with ASD, including poor imitation of meaningless body movements compared

to meaningful object-based imitations.

In the current study, the limited motor imitation deficits exhibited by the

disorder groups make it difficult to judge whether imitation performance in these groups
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is comparable. Previous reports had suggested that motor imitation deficits are seen
throughout the autistic spectrum (see the review by Williams, Whiten, & Singh, 2004),
but no imitation deficits were observed in the current ANL sample. Imitation of hand
postures was poor in both samples of ALI and LI children, but given that these children
also did poorly on a task of fine motor skill, poor performance in this task may be
reflective of motor difficulties in both groups of language-impaired children. If so, this
would mean that imitation per se is not a site of overlap between ASD and SLI , but
rather that children with ALI and SLI both exhibit broad motor impairments. This
would support the notion that motor and language abilities are related, and perhaps have
overlapping or anatomically close neurobiological structures (as discussed in Vukovic

etal., 2010).

8.2 Why do children with ALI show NWR difficulties? Are these reasons the same as

for SLI?

Previous authors had suggested that autism severity or broad imitation
difficulties could underlie the nonword repetition deficits in some children with autism
(Whitehouse, Barry, & Bishop, 2008). However, the findings of this experiment found
limited evidence to support either hypothesis. The ALI and ANL groups differed only in
terms of their hand posture imitation, but not on imitating body movements, actions
with objects, or the stylistic quality of the model’s actions. Furthermore, the
correlational analyses in Chapter 4 suggest that motor and verbal imitation skills are
connected only through their links to broad cognitive factors. In addition, the LI group
also showed poor hand imitation, so the pattern of results does not support a
phenomimicry account where nonword repetition has different origins in the two

disorders (poor PSTM in SLI vs poor imitation in ALI).
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Indeed, the results showed comparable nonword repetition performance between
the ALI and LI groups. A key difference between the current and previous
investigations is the game-like context in which the task was set. This suggests that
future studies need to consider ways of designing child-suitable games that engage

study participants and sustain their attention.

We may also consider these findings from the perspective that poor nonword
repetition may reflect language impairment, rather than capturing the root causes of it.
In particular, one hypothesis is that poor vocabulary and lexical development in
language-impaired children limits the development of fine-grained phonological
representations, which is in turn reflected in poor nonword repetition (Munson, Kurtz,
& Windsor, 2005; Snowling, Chiat, & Hulme, 1991). If this is correct, then we would
predict associations between children’s vocabulary and nonword repetition
performance, and previous investigations of verbal memory in ASD have also suggested
an important role for vocabulary (Gabig, 2008). While there was a correlation between
vocabulary and nonword repetition length effects in the current study, this association

was not stronger than for the other language measures.

8.3 Is mu suppression a valid measure of the mirror neuron system?

Reviewing previous mu suppression studies of language and social processes, it
seems straightforward to propose alternative accounts to explain the changes in apparent
mu power in many of these experiments. Indeed, the review in Chapter 5 highlighted
that few of these studies have been scientifically rigorous. Of course, when developing
and examining potential new methods and approaches, studies are likely to be
exploratory and often small at this stage, and | do not wish to undermine the good ideas

put forward by researchers. The idea that mu reactivity reflects properties of mirror
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neurons is by and large quite reasonable, and merits investigation. The issues with the
mu suppression literature have arisen because the technique has been employed
prematurely, before work has been undertaken to establish that mu suppression is
indeed a good, valid and reliable mirror neuron system activity measure, and to resolve
or at least document its limitations. Nonetheless mu is already being used in studies to
examine the role of mirroring systems in a huge array of processes. The important stage
of establishing mu suppression’s quality and limitations as an MNS index appears to
have been largely skipped, although there have been a few studies using concurrent
fMRI and EEG that tried to establish whether mu suppression was reflecting activity in
mirroring systems identified with fMRI (Arnstein, Cui, Keysers, Maurits, & Gazzola,
2011; Braadbaart, Williams, & Waiter, 2013; Perry & Bentin, 2009). However, as noted

in Chapter 5, even these studies highlighted the potential role for alpha confounding.

In the registered report in Chapter 6, it was shown that choice of baseline is an
important factor in whether mu suppression is seen during action observation. In
Chapter 7, the correlations between individuals’ mu suppression and autistic traits,
communicative and imitation skills was investigated, but associations predicted by
MNS theories did not emerge. Together, this thesis suggests that mu suppression does

not currently represent a good measure for indexing human MNS activity.

8.4 Implications for clinical and educational practice

There are currently limited therapies available for autism, and the evidence-base
for them is generally lacking, though new “miracle cures” are often touted online
(Howlin, 2010). Neurofeedback therapy has many qualities that may make it highly
attractive to some families and clinicians working with individuals with autism. Firstly,

neurofeedback may appear to be a treatment with a biological basis. Given that
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psychological therapies for autism are largely very intensive and take a long time to
make sometimes only quite small gains, biologically-based treatments may seem to
offer a better solution to some families, if such solutions could be found. Neurofeedback
is based on the biologically-based assumptions that a) children can learn to alter their
own mu rhythms, and b) the resulting normalization of mirror neuron system
functioning would lead to an improvement in autistic symptoms. Neurofeedback may
also have the added benefit of not requiring children to take drugs, and is thus presumed
to result in fewer side-effects than pharmacological treatments. The optimism placed in

mu wave neurofeedback therapy is partly understandable from this standpoint.

However, the three chapters in Part 2 of the thesis all suggest that there are
currently major shortcomings with applying this work to create neurofeedback therapies
for autism, and indeed reasons to be sceptical of the neurofeedback experiments that
have been done so far. In fact, the evidence for a mu suppression abnormality in autism
at all is very mixed. The key methodological issues with mu suppression will need to be

addressed before such a technique can be used clinically.

It was hoped that examining behavioural imitation in ASD and SLI might help
shine light on sites of overlap between these conditions. For motor imitation, the
imitation deficits identified in both the autistic and language impaired groups were
limited, and it is unclear what part experimenter bias might have played in the impaired
hand imitation findings. Imitation is a target of behavioural interventions for autism; for
example, Ingersoll and colleagues have developed interventions for children which aim
to increase their spontaneous imitative behaviours, known as “Reciprocal Imitation
Training” (RIT) (Ingersoll & Schreibman, 2006; Ingersoll, 2010). The approach taken
by RIT fits well with the social motivation deficit hypothesis of autism, and the notion

that reduced social motivation could be important in the reported imitation difficulties
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(Chevallier, Kohls, Troiani, Brodkin, & Schultz, 2012; Etten & Carver, 2015).
However, given the limited imitation deficits | found in my study, would my findings
suggest that RIT, and other interventions targeting imitation, are not likely to be fruitful

(if there is no imitation deficit to rectify)?

There are two important factors to consider. The first is that RIT is perhaps more
concerned with the amount children choose to imitate, not the overall accuracy of their
imitations. The second is that the limited work done so far on RIT has been conducted
with very young children. Both of these factors hark back to the points raised in Chapter
2, that imitation propensity in young children and imitation accuracy in older children
are probably capturing different constructs. My findings of accurate elicited imitation in
older children may therefore hold limited implications for intervention work of this

kind.

8.5 Potential application of pre-registration publication for developmental disorders

research

One of the most educational experiences during the completion of this thesis has
been undertaking a registered report. It is interesting to consider what this model of
publishing could offer for developmental disorders research. The experiments in Part 1
and Part 2 are very different in terms of their power and approach, arguably occupying
different ends of a spectrum; one is a small behavioural study on developmental
disorder groups, the other a large, well-powered adult study using neuroimaging
techniques, with pre-registered methodology and analysis plans. Low power,
publication bias and the potential role of pre-registration methods in addressing these

problems are currently hot topics of discussion in cognitive science (Chambers,
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Feredoes, Muthukumaraswamy, Suresh, & Etchells, 2014). However, there has been

comparatively little coverage of these issues in developmental psychology.

There are many parallels between developmental psychology (particularly
development disorders research) and other fields in biomedical science; studies using
fMRI techniques and animal research also often suffer from small sample sizes.
Similarly, negative results (i.e. finding limited differences between disorder and control
groups) may prove particularly difficult to publish — even though demonstrating spared
aspects of ability in disorder groups could be extremely informative. | have been
impressed with the robustness and methodological rigour of preregistration, and having
a study with an “in principle acceptance” means that researchers can rest assured that
time spent collecting a large amount of data will be rewarded with a good publication —

even if the results of their experiment are negative.

Could pre-registration be applied to developmental disorders research?
Reflecting on my experience conducting these two experiments, I believe there are
specific issues that would need to be overcome in order for pre-registration to benefit
developmental disorders research. In particular, careful discussion would need to be had
over the exclusionary criteria for such studies. In the mu suppression study, | was
required to lay out explicitly how my adult participants would be selected, and who
should be excluded; and even though the study used typical adults, I still ended up
excluding quite a large number of participants. For that project, it was at least relatively
straightforward to recruit more typical adults to replace those who had to be excluded;
for developmental disorders research, this is obviously a far more difficult and time-
consuming endeavour. Indeed, initially I had intended to exclude children from the
study if they had comorbid dyspraxia or ADHD, both common comorbidities in SLI and

ASD, and conditions that could be expected to impact upon children’s verbal and motor
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imitation performances. However, doing so would have made recruitment extremely
difficult, further shrinking my sample sizes. As well as the practical issues in excluding
comorbid cases, there are arguments to suggest that excluding participants on the basis
of comorbid disorders has a profound effect on the findings of studies, and important
implications for whether conclusions from such experiments can be generalised to wider
populations (Newman, Moffitt, Caspi, & Silva, 1998). In fact, it is unclear to what
extent excluding these cases leads to the removal of some important facets of a disorder
group. Considering the ideas explored in this thesis about SLI and ASD, the autistic
symptomatology in SLI might arise quite independent of autism because the children’s
language impairments lead to secondary social difficulties, or as a genuine additional
deficit faced by most children (Marton, Abramoff, & Rosenzweig, 2005). If studies
exclude children with SLI presenting with social difficulties, could they be removing an

important aspect of SLI, rather than controlling for autism?

There are three approaches that future pre-registered developmental disorders
studies could take. Firstly, they could exclude comorbidities, opting for a traditional
“pure” approach. As outlined above, this approach has important implications for how
studies’ conclusions are used, and would realistically make a study’s conduct much
harder and longer. Comorbidities are common in developmental disorder groups, with
most cases exhibiting symptoms of another disorder, if not meeting clinical thresholds
for a full additional diagnosis. A researcher opting for this approach could arguably
expect to exclude more participants than they include, if they were looking to exclude
all common comorbidities. Forcing developmental researchers to exclude high numbers

of cases that are arguably more representative of the groups of interest seems inefficient.

A second approach would be to accept this high level of comorbidity, and not

use it as a basis for exclusionary criteria. This, however, also seems unsatisfactory — it
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fails to acknowledge that children with developmental disorders are vastly
heterogeneous, and potentially risks missing important differences between sub-groups

of children lumped together within one diagnostic label.

| believe the best approach would be a third one: to carefully document
children’s comorbid difficulties, and use this information to investigate the impact of
these comorbidities on studies’ results. Full investigation of the effects of say, comorbid
ADHD, LI, and dyspraxia in autism, would require very large sample sizes to compare
many groups. An alternative would be to attempt to use quantitative measures of
symptoms of inattention, language ability, and motor problems in regression-type
analyses, or as covariates. Indeed, separating children into discrete categories with cut-
offs is inherently arbitrary, and fails to recognise that children with one condition can
show a high level of symptoms of another disorder, even if a formal secondary
diagnosis has not been given. If a child with language impairment shows high levels of
inattentive behaviour but fails to meet full clinical criteria for ADHD, should they be
really be considered to have “just” language impairment? Capturing attentional abilities

quantitatively would remove this dilemma.

Pre-registration could involve registering a study’s hypotheses online (using
tools such as the Open Science Framework), or undertaking a formal registered report
with journals. In the case of the latter, this would assure developmental disorders
researchers that even if data collection takes a long time (due to needing sufficient
sample sizes to meet journals’ power requirements), they will be published at the end.
However, this does not escape the fact that researchers will need larger samples. One
solution could be increase collaboration across research groups, as is being done in
other fields of biomedical science (for a discussion on the importance of increasing

collaboration to improve power and reliability of results, see the recent report by the
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Academy of Medical Sciences: “Reproducibility and reliability of biomedical research:

improving research practice,” 2015).

8.6 General limitations

The nonverbal cognitive weaknesses in the language impaired groups do pose
limitations on the interpretations of my results. Having all disorder groups show
cognitive abilities within the normal range would arguably have given the results tighter
theoretical meaning, as verbal and motor imitation deficits in the LI and ALI groups
could not have been put down to generally poor cognitive ability. Ideally, having
another group of children with poor language despite nonverbal abilities within the
normal range would have allowed me to explore the role of nonverbal difficulties on
verbal and motor imitation. While these problems arose in my study due to small
sample sizes (I could not afford to exclude children with low nonverbal 1Q), there are
also theoretical arguments for retaining such cases in research studies. As pointed out
by Boucher et al. (2008), language ability in low functioning autism has received little
research attention because it is assumed that the language difficulties in this group can
be straightforwardly put down to their generally poor cognitive ability. Yet this notion
misses that language ability in these individuals is often still disproportionately bad
compared to other their abilities. Similarly in the field of SLI, there is little support for
the idea of ‘cognitive referencing’, or that children with normal nonverbal skills have
different language profiles to those with poor language and nonverbal skills (Tomblin,
2008). These issues have particularly important ramifications when children are
diagnosed and given access to certain service provisions on the basis of nonverbal
skills. Indeed, a recent report investigated the effect of nonverbal skills criteria on the
prevalence, presentation and functional impairment of childhood language disorders
(Norbury et al., in press). The authors found that language-impaired children with
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nonverbal skills below typical exclusionary criteria levels showed minimal differences
in their language profiles from children with normal-range nonverbal 1Q skills, and
language problems still showed significant functional impact. The study concluded that
low nonverbal 1Q should not be used as an exclusionary criterion for service provision,

and that research into interventions needs to include such cases.

The small and heterogeneous sample in Part 1 of the thesis could have been
increased and perhaps made more homogenous by opting for recruitment through the
NHS, rather than through schools. Indeed, this would have allowed for recruitment to be
largely driven by speech and language therapists and clinicians, who are more familiar
with terms such as “Specific Language Impairment”, rather than SENCos (Special
Educational Needs Co-ordinators), who vary in their exposure to such terms. NHS-
based recruitment might also have yielded more cases of language-impaired children
with nonverbal skills within the normal range (cases that adhere more to traditional
definitions of SLI). On the other hand, children with language difficulties known to the
NHS may represent a group of children with more severe or complex language
difficulties, so it is unclear whether recruiting through this method would have led to a
more homogeneous sample. The decision to opt for schools-based rather than NHS-
based recruitment was based on practicalities — obtaining ethical approval for
recruitment through the NHS was thought to require much more time, and it was felt it

would hold up the progress of the study.

The experiment in Part 1 contained only some types of imitation, and did not
include facial or oral imitation tasks (which could be expected to be more strongly
associated with language or verbal imitation). | also did not systematically investigate
the effects of semantic or communicative meaning on the children’s performances. The

limited array of imitation tasks was selected on the basis of the neuropsychological
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models of imitation, and previous patterns of ability found in other studies (e.g.
Dohmen et al., 2013; Stone et al., 1990; Tessari & Rumiati, 2004). It would also have
been desirable to have had a more extensive examination of the children’s motor skills,
especially given that motor problems are known to be so widespread in both SLI and
ASD. However, while both more imitation tasks and more motor tasks could have been
informative, the battery was deliberately kept to a reasonable length to avoid tiring the

children.

As discussed briefly in Chapter 6, beta suppression may also represent a means
to index mirror neuron activity. However, | did not examine the relationship between
beta and individual differences in autism traits, imitation and communicative skills, nor
did I conduct the same level of literature review into beta suppression’s usage in social
cognitive neuroscience. Investigating beta was proposed by one of the reviewers of the
registered report, as we collected the necessary data to examine beta suppression’s
validity anyway. In that report, | did not find evidence that beta provided a better index
of MNS activity than mu, and for that reason, and to avoid having to make statistical
adjustments for multiple exploratory tests, the thesis largely restricted its focus to mu

suppression.

8.7 Directions for future research

Here I outline the outstanding questions that | believe to be the most pressing,

and that could represent fruitful areas for future research.

The conflation of object-based, goal-based, meaningful and familiar actions
appears to be a dilemma in both adult and child imitation research, and also in studies
examining the responses of the MNS to human action. In the dual-route

neuropsychological models of imitation discussed throughout this thesis, imitation via
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the indirect route is effectively imitation that is reconstructed, based on meaning and
goals. Often in the literature, object-based and non-object based tasks or stimuli are
used, but the presence or absence of an object is not consistently related to meaning or
goals, and thus there is discontinuity between neuropsychological models of imitation
and the tasks and stimuli used in experiments. For instance, in the mu suppression study
by Fan et al. (2010) participants viewed a chess piece being rolled in the model’s palm —
while transitive, there is no obvious goal or meaning to such an action. Conversely,
waving a hand conveys clear communicative meaning, but does not involve object
interaction. Presumably imitating such a gesture would be supported by the indirect
route. And of course, a gesture that may be “meaningful” to the adult examiner may not
necessarily be meaningful to the child if the gesture is new to them — would we expect a
six-year-old child to know the “OK” hand sign? How then should it be categorised? It
remains unclear whether imitation in children has the proposed dual-route structure
outlined in adult neuropsychological models, and there is still limited evidence about
whether uneven performance of different tasks (i.e. better object-based, goal-oriented
imitation than meaningless body-based imitation) can be put down to broad effects of

task difficulty or familiarity.

In addition, we know little about how imitation develops, beyond the early
years, and yet studies comparing groups of school-age children to children with autism
persist. Establishing the normative structure of imitation abilities, and constructing
models for imitation in normal development and adulthood, would allow for much
better interpretation of the imitation deficits in autism (and SLI). Furthermore, both my
own results and those of other researchers cited in my literature reviews, suggest that

there may be a distinction to be drawn between projects examining imitation propensity
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in pre-school (or younger) aged participants, and imitation accuracy in school-aged

children.

Ideally, future studies should consider how imitation performance is related to
children’s motor and semantic knowledge (i.e. their familiarity with gestures that
convey meaning and actions on objects). Imitation would also need to be examined
longitudinally, incorporating the range of ages that researchers of imitation have
investigated — from toddlerhood through to late childhood at least - and include both
examinations of spontaneous imitation and elicited imitation, to examine whether
imitation propensity and imitation accuracy does need to be distinguished. Clearly such
thorough investigation would represent quite a large undertaking, and would be likely to

be expensive and time-consuming.

The study in Part 1 is the first to find comparable effects of length on nonword
repetition ability in children with ALI and non-autistic language impaired children. The
hypothesis that this similarity is absent in previous studies due to motivational reasons
is in need of further investigation and replication. Furthermore, the theory that nonword
repetition difficulties in ALI and L1 are reflective of less fine-grained phonological
representations would also predict different effects of word-likeness on the nonword
repetition performances of the different groups. Only one study has attempted to
examine the effects of word-likeness on nonword repetition in SLI and ALI, but no
group effects were found, and this finding is not discussed in the paper (Williams,

Payne, & Marshall, 2012).

Part 2 clearly highlights shortcomings with mu suppression as an MNS measure,
and it is important that if this technique is to continue to be used that the groundwork is

done to establish its best practice. The study in Chapter 6 shows that certain baseline
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techniques will provide better results than others, but baseline is just one element of mu
suppression studies. For example, the field needs to define the appropriate frequency
band for study. The mu band is typically defined as 8-13 Hz, but there have been
suggestions that splitting the mu frequency band into upper and lower parts, or having
individually-determined bands, could all provide more meaningful results (Pfurtscheller
& Lopes da Silva, 1999). A particularly intriguing notion is that of individual
frequency-bands. On the one hand, this notion has potential problems, in that it could
allow for even more variation and noise in mu suppression experiments, and may allow
researchers yet more opportunity to over-fit their analyses. On the other hand, in many
other neuroimaging techniques regions are functionally defined, and functionally
defining a band-width could be justified in a similar way. In addition, as noted in
Chapters 5 and 6, there is a real need to examine the reliability (as well as the validity)
of mu suppression. Developing objective and robust means to functionally-define mu
bands, and assessing how reliable individuals’ mu suppression is, will be particularly
important if the pursuit of mu neurofeedback therapy continues, although my results

suggest real problems with this enterprise.

One broad theoretical difficulty with the field of mu suppression is how best to
validate the measure without already knowing the true nature of the human MNS.
Ideally we should establish what the MNS responds to and what its characteristics are
before developing measures of it. Yet, we cannot truly understand the nature of the
MNS without assuming a given measure is sufficient in order to test our hypotheses
about the MNS. While there is no easy solution to this predicament, | feel there needs to
be wider acceptance and awareness of the fact that the MNS is a construct, able to
change to suit the measures we create for it. Ideally, the best way forward is to create

and agree a workable definition of the MNS, based on our current understanding, and
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establish and consolidate our knowledge about the measures we have. Whether stricter
definitions of the MNS arise from further experimental work or from more theoretical
discussions based on the current evidence at hand, research on the MNS and mu
suppression needs to have some boundaries set, lest it become totally unwieldy and

inconsistent with itself.

8.8 Closing summary

I have explored children’s imitation abilities, including children with
communication disorders, and one of the techniques neuroscientists have used to
understand the neural bases of imitation and communicative deficits in ASD. Through
these projects | have encountered complex methodological and theoretical issues with
the study of imitation and the MNS. My findings lead me to consider the evidence we
still lack for proper understanding of imitation at the behavioural and
neurophysiological levels, and to suggest reinterpretations of previous behavioural and

EEG reports.
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Where:

Appendices

Appendix A: Formula for calculating partial correlations.

12 —T13 723

[CEOREE

r12.3 = correlation between imitation and language with developmental level/age
partialled out.

ri2 = correlation between language and imitation

ri3 = correlation between language and developmental level/age

r23 = correlation between imitation and developmental level/age

275



Appendices

Appendix B: Studies presented in forest plot of correlations between language and imitation in typically developing children

Abbreviations used include: MCDI — MacArthur Communicative Development Inventory

Table B.1: Studies reporting correlations between language and imitation in typically developing children

months.

Paper Participants Results Language tasks Imitation tasks Motor tasks Forest Plot
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= 13 TD infants When previous language ability and
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c 8 children did the months significantly correlated with | Reynell Developmental | Instrumental imitation None 1-2 Charman
£ @ imitation task), expressive language at 44 months (r | Language Scales. task (Meltzhoff, 1988) ' 2000
= seen at 20 and 44 | =.60), but not receptive language (r
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- Imitation of mother's object-directed
g actions not concurrently related to
) v .
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months and 4
years.

scores). For imitation at 8 months, r
=.32, and at 12 months r = 0.21.

includes familiar and
unfamiliar actions.

motor development)

Table B.1: Studies reporting correlations between language and imitation in typically developing children
Paper Participants Results Language tasks Imitation tasks Motor tasks Eg;:ié:ggt
N 46 preterm and 50 Gestural imitation at 8 '“.”O”ths and Uzgiris-Hunt Scale,
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to 7.

Table B.1: Studies reporting correlations between language and imitation in typically developing children
Paper Participants Results Language tasks Imitation tasks Motor tasks Eg;:ié:ggt
Nine imitation trials. Each
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= comprehended by the contradictory language.
m child. Block as a place holder in
actions.
— Parents were asked to test
g - Imitation significantly correlated their child's imitation of
c 5 5,206 twins, aged | with vocabulary (r = .27). gestures and facial
L% @ 2 years. Authors also calculated heritability MCDI. movements (from None. 9 McEwen 2007
3 of imitation. PARCA - Parent Report
2 of Child Abilities).
o .
3 S Imitation did not correlate with MCDI (note possmlel
(\l L i - floor effects). Infants
$ — | Participants: 60 vocabulary for names (r =.009), : . .
3= . . ! vocabularies were Novel actions with 19-20 Slaughter
52 TD infants, aged vocabulary for instrumental actions divided into names and | objects (only two trials) None. 2003
25 8 - 14 months. (r =-.014) nor or any other measure. | . . 4 y '
5O . instrumental words in
S Correlations were controlled for age.
s the analyses.
3 Two samples of
>5 | typically . .
= developing Fhor both Isarnples of typical children, | _ _ Retrospective
2 | children (samples the correlation beyween o Parental questionnaire questionnaire, with 3
S5 . conversational skill and imitation about conversational : L None. 3-4 Farrant 2010
- 2 sizes 94 and 93), L _ - questions pertaining to
£9 . was significant (r = .43, for both skill. R
S B and 30 children samples of TD children.) imitation.
S| with SLI, aged 4 P '
L
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Table B.1: Studies reporting correlations between language and imitation in typically developing children
Paper Participants Results Language tasks Imitation tasks Motor tasks Forest Plot
Reference
Imitation of simple
movements and complex
movements. The first
. In both typical and SLI samples, contained 10 tasks were
= imitation of complex movement was Token Test concerned with McCarthy's Scales of
& 30 children with correlated with expressive (comprehension) movements of the hands | Children's Abilities,
= vocabulary (r = .53) and L) and 10 tasks concerned including the .
g a:‘lll darr;dn 3f7T D cor_npreh_ension (r =.63), but not I(B\’/%Sgggull\ﬁg”lg:f th with movements of the Coordination of legs 581105 Vukovick
g years ' articulation (r = .32). Note that non- articulation :’ind story- arms (from the shoulders | subtest and
2 ' imitation motor tasks also correlated generation t'ask and from the elbows). Coordination of arms
3 with the language measures in the ' Complex movements subtest.
TD group. included 16 tasks,
involving finer
movements with the
fingers.
S & Peabody Picture
@
S8 | ASD Mo age | Lanouage agecidnotcorelatevith | (G V0 (T T - _
T o eferred imitation in the typical Deferred imitation. None. 21 Strid 2013
- =3 | of TD group was roup (sho = .13) MCDI (SECDI) was
2+ | 35 months. group o also used for the
& 3 children with autism.
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Appendix C: Studies presented in forest plot of correlations between language and imitation in children with an autism spectrum

disorder.

Abbreviations used include: MCDI - MacArthur Communicative Development Inventory; CELF — Clinical Evaluation of Language

Fundamentals; PIPS — Preschool Imitation and Praxis Scale.

Table C.1: Studies reporting correlations between language and imitation in children with an ASD
Paper Participants Results Language tasks Imitation tasks Motor tasks Forest Plot Reference
o~ Uzgiris-Hunt
Q Developmental Scales and
N spontaneous imitation.
g The UH scale includes
-<c£ 15 children, aged _Slgmf_lcant correlatlc_)n b_etween Verbalization during familiar sump_lg actlons, None. 1 Dawson 1984
o 4-6 years. imitation and verbalization. free play. complex familiar actions,
- unfamiliar gestures visible
2 to the child and unfamiliar
2 gestures invisible to the
e child.
26 children. aged Total imitation correlated with
o § 2 vears. At ltirge 1 language at Time 1 (r =.49), and at
> years. " | Time 2 (r =.55). Body imitation
‘g = | average age was alone correlated with CDI words
8% 31.5 months. At . o - - MCDI Motor Imitation Scale None. 2 -7 Stone 1997
'O . (at Time 1 r=49;at Time2r =
¢ Y time 2, average . .
SE | a0ewas456 .43). Correlations between object-
3 g ' based actions and the CDI did not
months. A,
reach significance.
% Imitation at age 2 correlated with MCDI, SICD-R
N . expressive language aggregate at (Sequenced _Inv_entory
> 4 35 children, at age _ . of Communication I 8 -9 Stone & Yoder
3 S age 4 (r = 0.55). Once previous . Motor Imitation Scale. None.
N 2 and age 4. o - Development-Revised) 2001
L — language ability was partialed out,
S [ =038 and Preschool
n Bt Language Scales-3.
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Table C.1: Studies reporting correlations between language and imitation in children with an ASD

T
QD
o
D
=

Participants

Results

Language tasks

Imitation tasks

Motor tasks

Forest Plot Reference

Carpenter, Pennington &

Rogers (2002)

12 children with
autism and 11
children with
developmental
delays, matched
group-wise for
chronological age,
verbal mental age,
and nonverbal
mental age. Aged
4 years.

Pass-fail scores for the imitation
task correlated with referential
language (r = .67). Instrumental
imitation task was not correlated
with referential language (r = -
.09).

Children’s spontaneous,
non-echoed productions
of referential words
were coded during the
entire session. Children
passed referential
language if they
produced at least one
referential word.

An imitative learning
task, which included both
instrumental and arbitrary
imitation. They also
performed a manual/facial
imitation task but do not
investigate correlations.
(Note: issues with ceiling
effects in comparison

group.)

None.

10 - 11 Carpenter
2002

Rogers, Hepburn,

Stackhouse &
Wehner (2003)

24 children with
autism (aged 34
months), 18
children with
FXS, 20 children
with other
developmental
disorders, and 15
typically-
developing
children.

Correlations were partialled for
developmental level. Expressive
language did not correlate with
manual imitation (r = .07), object
imitation (r = .11), oral imitation
(r = .27), or total imitation scores
(r =.27) for the children with
autism. Imitation did show
relationship with the severity of
autism, joint attention skills, and
fine motor skills.

Mullen Scales of Early
Language.

Manual, object-based and
oro-facial (not verbal)
imitation.

Merrill-Palmer
Scale for visual-
spatial problem-
solving abilities.
Praxis battery
designed to
challenge motor
planning and
execution
abilities.

12 - 15 Rogers 2003

Luyster, Kadlec, Carter &

Tager-Flusberg (2008)

164 children, aged
18 to 33 months.

Non-verbal cognitive ability,
gestures and imitation were
significant predictors of expressive
language. Imitation correlated with
composite expressive language (r
=.57), and receptive language (r =
.55).

Receptive and
expressive scores from
the Mullen Scales,
Vineland
(Communication
domain) and MCDI.

9 tasks involving
imitating examiner’s
manual and oral-facial
movements and
manipulating objects
(three manual acts, three
oral-facial actions, and
three actions on objects).

Mullen Scales of
Early Learning
and the Vineland
Adaptive
Behaviour
Scales. A
composite score
for motor skills
was created from
these.

16 -17 Luyster 2008
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Table C.1: Studies reporting correlations between language and imitation in children with an ASD

Paper

Participants

Results

Language tasks

Imitation tasks

Motor tasks

Forest Plot Reference

Vanvuchelen,
Roeyers & De
Weerdt (2011)

47 children with
autism, aged 1.9-
4.5 years. (Also
saw 498 children
without
disabilities).

In the sample of children with
ASD, PIPS scale score correlated
with receptive language (r = .66)
and expressive language (r =.61),
as well as nonverbal mental age,
and gross and fine motor age.

Dutch version of MCDI
(N-CDI), or the Reynell
Developmental
Language Scales
(RTOS).

PIPS, the imitation scale
being tested. PIPS
includes meaningful, non-
meaningful, object-
directed, body, and facial
tasks.

Subtests from
Peabody
Developmental

Motor Scales-2.

18 -19 Vanvuchelen
2011

Ingersoll & Meyer (2011b)

23 children, aged

Imitation correlated with
expressive and receptive language,
but these were no longer
significant after partialling out
developmental level (expressive
language and MIS, r = .15;
receptive language and MIS, r =
.3; expressive language and the

Preschool Language
Scales (PLS-4), and the

Motor Imitation Scales
and an unstructured
imitation assessment

None.

20 -25 Ingersoll 2011b

correlated with the CDI (r =.36),
but not with PLS-4 (r = .14).
Nonverbal 1Q was partialled out of
these correlations.

2-3 years. UIA, r = .12; receptive language MCDI. (UIA). All used actions
and the UIA, r = .27). The MCDI on objects.
remained significantly correlated
with the MIS (r = .37) and the
UIA (r = .41) even when
developmental level was partialled
out.
No correlations with language for
object-based imitation (with PLS-
= 4 r =.21; with MCDI r = .31) or

3 g 27 children. mean | 9€Sture imitation (with PLS-4 r =

g age of 38.7 g?" W'th. M.CI?I r= 32). Preschool Language Motor Imitation Scales. None. 26 -31 Ingersoll 2011

S § months. omposite imitation scores Scales (PLS-4), MCDI.

=3
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Table C.1: Studies reporting correlations between language and imitation in children with an ASD

Paper Participants Results Language tasks Imitation tasks Motor tasks Forest Plot Reference
Commenting was the only
£ significant predictor of
o comprehension after controlling
- Raw score for

) for cognitive delay. Both S

= - S the non-imitative

ST | 29 infants with commenting and motor imitation fine motor items .
>C_> § autism were significant predictors of MCDI MIS of the Mullens 32 -33 McDuffie 2005
&= ' production. Motor imitation Scales of Early

E without objects at Time 1 Learning

Qa correlated with MCDI '

§ comprehension at Time 2 (r=.38),

and production (r=.59).

_ Imitation learning as part

@ . . The strongest pre-treatment of Early Learning

% iﬁt;gxn;ﬁgh pre_diqors of outcome were Measure. The ELM M_otor Scale of

5o months’ with |m_|tat|on, Iang_ua_ge, _dally living Reynell Developmental !nc_lud_ed 10 each of verbal Vlnelqnd

o § follow (Jp after 1 skills, and s_oc_lall_zatlon. Language Scales and !m!tat!on, nonver_bal Adaptl_ve 34 Sallows 2005
2~ |and3 years of Nonverbal |r_n|tat|on on the ELM the CELF. |m|tat|(_Jn, foIIo_Wlng Behaviour

S treatment correlated with language at 3 year verbal instructions, and Scales.

3 follow up (r = .69). expressive object

labelling.

9 Both the speaking and non- Peabody Picture

= 20 ASD. 23 TDs speaking autism g_ro_ups_showed Voc_abula_ry Test (PPVT _

o The ASfD group ' reduced_deferred imitation. The — third edition; Dunn & De_ferred object—b_ased

=~ were split by correlation between deferred Dunn, 1997) and a imitation. The objects

g = speaking and non- imitation and language age was Swedish version of the | were replicas of the ones None. 35 Strid 2013
'%‘» o speaking for some not significant (r = .10). MCDI (which ever was | originally used by

= analysis Significant correlation between most appropriate for the | Meltzoff (1985; 1988).

;Ug) ' deferred imitation and mental age | language level of the

for the autism group.

child).
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Appendix D: Nonword lists used in verbal imitation tasks.

Appendices

Table D.1 lists the three nonword lists used in the Spy Password games. This includes the
original list of words taken from the CNRep (Children’s Test of Nonword Repetition)

(Gathercole, Willis, Baddeley, & Emslie, 1994).

Table D.1: Nonword Lists

CNRep List1 List 2
dopelert pristaraek fansl tfimalad drintsreek fonsl prgsras skantsrakfonal
glistsrim andsbrentjuend grantsrin endipreektjuest brastsrig entoustintjuand
penal trampaAtin baenal kleestsroun tenal Jrindoubat
difsmikerfon sleedin teboliveefon brufid dosodilerfan grolop
kantreempanrst komisrtert madritoument maguns3ris saldmgksrand riprdsril
hampant teelfeest dzemtest baznalt finpond Ioglest
riat3perfan Iodonerprf gadvolemerfon trfikerlf milandikarfon tibrralam
p3plistaronk barazon rondontsrest Jonatrv gandafrilisk frloubot
blantssteipir kopms3rin spoldsstsnes soralemn flastsstigom havidet
sepritenial emplifovant hapfodikoran tamptoubelaend pagratpmsrin sendrounapest
detratapilik Orksari hanseridouman noupsfou misgat[3re0ik kidsbau
glistav voltjulaerrti spondi gentafaessri drimli bondslaikasi
freskovvent v3satrafonist printapast keedstrifonist slafronomp febstroufonist
baenif3 rubid ridemer jased Jakons w3dek
stopougraetik brastsrs slodoukradik kleempsroo gratsfrigin slantsrou
wugalaemrik dil3 dofiderfos O1bi geroubertlont miper
balap penerifal namrt finngsfal velong geledsfal
kanfreentjuali banav mistrentomeli dzegu listrontamoli ralo
fensraizs prindal fozeloti freendal yokoudeili stimboal
eltjupertori skitikalt estarelovvs blunsrest pspamoniti tragapond
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Appendix E: Adult Nonword Repetition Pilot Analyses

Two additional nonword repetition lists were constructed to match the nonwords in

the CNRep. To check baseline performance on the 3 lists did not differ, 22 typical adults

were tested on the three nonword lists in a nonword repetition paradigm. All the lists were

tested in one session, and not in the context of the spy password game — adults heard the

words from the laptop and repeated them to laptop. Because it was anticipated that most

adults would be at ceiling on this task, pink noise was added to the recordings to make the

task harder and ensure performance was not at ceiling.

Repetitions were coded correct or incorrect, rather than using the LD algorithm to

code phonemic distance between the stimulus and responses. The mean scores for the

different syllable lengths and lists was analysed using a two-way ANOVA, with list and

syllable entered as factors. There was no significant difference in overall performance

between the 3 lists, and no significant interaction effects between list and syllable (indicating

that lists were matched overall, and the 4 syllable lengths within each list were also

sufficiently matched). Figure E.1 shows the performance of the participants, and Table E.1

the mean scores.

Table E.1: Adult nonword repetition performance

Nonword Lists

Word

Length List2 List2 List3

Two

Syllables 0.69 (0.16) 0.70 (0.21) 0.70 (0.17)
Three

Syllables 0.57 (0.12) 0.61 (0.16) 0.63 (0.17)
Four

Syllables 0.45 (0.15) 0.50 (0.17) 0.40 (0.18)
Five

Syllables 0.53 (0.19) 0.44 (0.15) 0.43 (0.16)

Table E.1: Mean scores for the different word lists and word lengths. Numbers in parentheses

represent standard deviation.
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mListl
W List 2
= CNRep

Two Three Four Five
Syllables  Syllables  Syllables  Syllables

Figure E.1: Mean score on the different nonword lists and word lengths from adult pilot data.
Error bars represent standard error.
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Appendix F: Power analysis for registered report

(Submitted during registration of report.)

Previous effect sizes have not been routinely reported in mu suppression literature. This
makes selecting an adequate effect size for the basis of a power analysis difficult. However, if
mu suppression is a valid biomarker for social cognitive processes, or indeed autism,

(Cheng, Tzeng, Decety, Imada, & Hsieh, 2006; Perkins, Stokes, McGillivray, & Bittar, 2010),
and a potential target for neurofeedback therapy (Pineda, Juavinett, & Datko, 2012), then it is
reasonable to expect a large effect size. In this context, our selection of a medium effect size
for mu suppression is conservative: if we do not observe the phenomenon under this

assumption, its use in clinical contexts is undermined.

A priori analyses were conducted using G*Power (Faul, Erdfelder, Lang, & Buchner,
2007). A power analysis was carried out to determine the sample size necessary to detect
medium effects (f = 0.25, as outlined by Cohen, 1988), with power of 0.9. As repeated
measures ANOVAs typically violate the sphericity assumption, our power analysis
considered corrections for sphericity, and was based on the most conservative correction for
nonsphericity. This is when the nonsphericity correction (denoted ¢) is equal to 1/1-m, where
m signifies the number of measurements. The anticipated correlation among the repeated
measures was set at 0.6. In previous work, the correlation between occipital and central
electrodes has been moderate (see Tangwiriyasakul et al., 2013), and we anticipate that the
correlation between different conditions will be moderate to high. We feel this estimation of
correlation is justified, especially as the analysis was based on the most conservative

nonsphericity corrections possible.

Power analyses demonstrated that to detect a medium effect of condition (videos with

hand and object, hand without object and kaleidoscope patterns, and the own movement

287



Appendices

condition) 52 participants are needed. To detect a medium effect of site (occipital versus
central) 36 participants are needed. To detect an interaction between these two variables, 61
participants are needed (note that many previous studies have used much smaller sample
sizes: (Fan et al., 2010; Muthukumaraswamy & Johnson, 2004; Muthukumaraswamy et al.,
2006; Oberman et al., 2008). The power of paired t-tests to investigate significant effects
arising from the ANOVA was also computed; for two-tailed tests, with power of 0.9, 44
participants are required to detect a medium effect (d = 0.5,Cohen, 1988). The predicted
power of these statistical tests with the intended sample size of 61 participants is displayed in
Table F.1. Note that as analyses with the trial-by-trial baseline do not include the own
movement condition, which makes the ANOVA for this baseline slightly different.

Additional analyses have been conducted for this ANOVA and are detailed in Table F.1.

We planned that if data had to be discarded for a participant due too many rejected
trials (see the previous section Analysis Plan for details on how trials will be rejected and
how much data will be allowed to be discarded before a participant is removed from the
analysis), further participants would be recruited to ensure the analysis is sufficiently
powered. Participants who do not perform the movements during the own movement
condition will be reminded by the experimenter to do so, but if the participant continues to
not perform the movements they will be excluded from the analysis. If participants need to
discontinue the EEG (in the case of sickness) their incomplete recording will be removed
from the analysis. A complete record of participants who had to leave the experiment
prematurely, or who failed to complete the movement condition, or whose EEG did not
produce a sufficient number of good trials, will be kept and the final number of participants

that had to be excluded will be reported.
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Table F.1 Power of planned statistical tests

Appendices

Proposed statistical test Power

Repeated measures ANOVA - main effect of condition
Repeated measures ANOVA for trial-by-trial baseline- main
effect of condition

Repeated measures ANOVA - main effect of site

Repeated measures ANOVA - interaction between site and
condition

Repeated measures ANOVA for trial-by-trial baseline -
interaction between site and condition

Paired t-tests (two-tailed)

0.94

0.96

0.99

0.90

0.91

0.97

Table F.1: The power (1-8) of the planned statistical tests. For these calculations, the

following parameters were used: N=61, ¢ = 1/m-1 (where m is the number of

measurements. For the main effect of condition, this is 4. For the interaction, this is 8. For

the trial-by-trial baseline these are 3 and 6, respectively.), the correlation between

measures = 0.6, and standard medium effect sizes (f =.25, d = .5).
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Appendix G: Post-EEG recording questionnaire

Questionnaire

Which type of video did you find most interesting to watch?

Which type of video did you find least interesting to watch?

On a scale of 1-5, please rate how engaged you felt you were while watching the blank
videos. A score of "1" represents no engagement, while a score of "5" represents a lot of

engagement.

On a scale of 1-5, please rate how engaged you felt you were while watching the videos
where hands interacted with objects. A score of "1" represents no engagement, while a score

of "5" represents a lot of engagement.

On a scale of 1-5, please rate how engaged you felt you were while watching videos where
hands interacted without objects. A score of "1" represents no engagement, while a score of

"5" represents a lot of engagement.

On a scale of 1-5, please rate how engaged you felt you were while watching the videos of
kaleidoscope patterns . A score of "1" represents no engagement, while a score of "5"

represents a lot of engagement.

Could you imagine yourself performing the content of the videos? Please rate how hard you
think it would be to perform the videos for each video type. A score of 1 would mean that the

videos were very easy to perform, while a score of 5 means the videos are hard to perform.

Videos of the hand and the pencil:

Videos of just the hand:
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Videos of the kaleidoscope patterns:

Did you notice anything other than the videos of hands or kaleidoscope patterns while you

were doing the experiment? If you did, what did you notice?

How many times did you notice these extra stimuli?
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Appendix H: Supplementary unregistered analyses for mu suppression registered

report
Responses to post-recording questionnaire

Chi-square tests showed significant effects of condition when participants selected their most
interesting (¥° (3) = 61.82, p <.001) and least interesting (¥ (3) =96.05, p <.001) condition.
One-sample z tests comparing these proportions show that the kaleidoscope videos were rated
as most engaging significantly more than hand-object videos (z = -6.47, p <.001), and hand-
object videos significantly more than hand-no object videos (z = 6.21, p <.001). Hand-no
object videos were selected as least interesting significantly more than hand-object videos (z

=-2.53, p =.006), and rest more than hand-no object videos (z = 13.72, p <.001).

One-sample z tests also showed that the difference in participant’s reports of feeling able to
imitate the content of the videos significantly differed between kaleidoscope and hand-object

videos (z = 20.49, p <.001) and hand-no object videos (z = 20.89, p <.001).
Gender effects in mu suppression

Independent t-tests were conducted comparing males (N=19) and females (N=42) on changes
in activity at the central regions during the hand videos. No significant differences were

found, for ether video type, for any baseline technigue.
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