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Impact of COVID-19

On March 13, 2020, the University of Essex announced a series of ‘enhanced
protection measures’ to prevent the spread of coronavirus amongst students, staff and
the public which took effect on Monday 16™ March 2020. Included in these measures
was the suspension of all face-to-face testing both on and off campus. This measure
ended up being in place for a total of 16 months and necessitated a deviation from the
original plan of collecting all data face-to-face. This COVID-19 measure caused

significant disruption to the progress of this PhD for several reasons.

Firstly, since the data collection for my first study (described in Chapter Two)
was split across two testing sessions held on different days, I ended up in a situation
where 30 participants had been tested on session one but were not able to be tested on
session two. This resulted in the loss of this data since the planned repeated measures

analysis required data for all conditions.

In addition, being only part-way through data collection on my first study meant
that I was unable to utilise those 16 months to focus on data analysis, publications or
writing up and instead had to make significant changes to the trajectory of this thesis.
For instance, in Chapter Three I used an existing data set which was associated with
various limitations including a lack of control over the amount of valid data available
and the tasks included in the analyses. Had I been able to collect the data myself, it is
likely that I would have chosen different tasks to work with which may have suited my

hypothesis better.



The prolonged period of restrictions also resulted in one of the studies in Chapter
Four being presented online rather than face-to-face. This too resulted in several
limitations including high levels of non-compliance/distraction and issues with internet

connections which made the measure of reaction time too unreliable for analyses.

But despite these limitations and the changes that altered the trajectory of this
thesis, I do believe that the final result shows the flexibility and growth that come from

working through adversity.
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Abstract

This thesis examines the debate around the role of domain-general versus
domain-specific mechanisms in the inhibition of imitative responses. In other words,
whether there are differences between the mechanisms underlying the inhibition of
imitative responses as compared with non-imitative responses. While most of the
research on this topic so far comes from patients with brain damage to the frontal lobes,
here we proposed that given the immature prefrontal cortex in the developing brain,
young children are ideal subjects to investigate this topic. Studies in this thesis sought
to contribute to this debate by testing the inhibition of imitation in children between the
ages of three to five years. Study 1 presented a new inhibitory task in which the rule
teaching was standardised. Comparison against a control condition demonstrated that
this task was effective even in young children. In Study 2 we investigated the
relationship between children’s poor inhibitory control and their tendency to imitate
using an existing data set. Whilst the planned correlations were not significant,
exploratory analyses revealed that, contrary to our expectations, children with better
inhibitory control demonstrated greater imitative tendencies. Building on this work, the
aim of the final two studies was to design a task with well-matched methodologies to
test the inhibition of imitative and non-imitative prepotent responses in young children.
Study 3 was conducted online with children aged 3-5 years due to COVID. Based on
the findings, Study 4 used this same task to investigate the neural correlates of inhibiting
imitative and non-imitative responses in 4-year-olds. We suggest that these results
provide tentative evidence of a domain-specific network associated with the inhibition

of imitative tendencies. The work presented in this thesis has introduced the study of
XV



imitation inhibition within a developmental population with promising results,

providing interesting avenues for future research.

XVi



Chapter One

An Introduction to Investigating Inhibitory

Control in Young Children



1.1 Introduction

As humans, we are all products of our environment. This creates a need to be
adaptable to changing situations and constantly monitor the world around us in order to
change our behaviour to respond accordingly. A lot of the time, this control of our
behaviour relates to being able to inhibit specific actions. For example, we know that if
we want to lose weight, we must suppress the urge to eat the chocolate cake that has
been offered to us. Or similarly, when we take offence to someone’s insulting comment,
we know we will need to bite our tongue if we are not in a place to cause a scene. Or
when we have stepped off the curb to cross the road, we must stop abruptly when a car
suddenly appears out of nowhere. It is our inhibitory control which allows us to suppress
these actions, thoughts, and behaviours that are inappropriate or incompatible with our
current goal. Adele Diamond remarks “Without inhibitory control we would be at the
mercy of impulses, old habits of thought or action (conditioned responses), and/or
stimuli in the environment that pull us this way or that. Thus, inhibitory control makes
it possible for us to change and for us to choose how we react and how we behave rather

than being unthinking creatures of habit.” (Diamond, 2013, pp. 137).

Inhibitory control is just one of several important mental processes, called
“executive functions”, which together are responsible for goal-directed behaviours.
These mental processes enable us to plan, recall instructions, focus our attention on a
goal and successfully juggle multiple tasks at once (Diamond, 2013). As adults, most
of us are adept at using inhibitory control and controlling our behaviours. However, this

is not the case for younger children — we’ve all heard of the terrible twos! Inhibitory



control takes years to develop (see Petersen et al., 2016) and as such, young children
have yet to hone this skill. This is, in part, because our executive functions are facilitated
by the prefrontal cortex (PFC), which is characterised by an extended period of
development, taking over two decades to reach full maturity (Diamond, 2002; Haartsen
etal., 2016). The prolonged development of the PFC has therefore been associated with

young children’s tendency to show deficits in inhibitory control.

Thus far, research into the development of inhibitory control has primarily
focused on young children’s ability to inhibit a learned response, such as the tendency
to correctly label pictures (e.g. in the Day/Night task; Gerstadt et al., 1994) or to inhibit
a physical action such as a button press (e.g. in the Go/No-Go task; Dowsett & Livesey,
2000). However, a phenomenon related to the inhibition of imitative responses, that was
identified within the adult literature, has so far been overlooked in developmental
studies. In the 1960s, neuropsychologist Alexander Luria observed that some patients
with prefrontal lesions were unable to stop themselves from copying others’ actions, a
phenomenon called ‘echopraxia’ (Luria, 1966). In this way, patients with echopraxia
appear to display some of the inappropriate imitative tendencies of young children

(Diamond and Taylor, 1996).

With the development of neuroimaging techniques, the 2000’s brought about a
new interest in the association between the PFC and the inhibition of imitative responses
in the adult literature. In a series of seminal studies conducted over the subsequent
decade, Marcel Brass and his colleagues set out to establish the role of the prefrontal

cortex in association with the inhibition of imitative responses, with particular focus on



echopraxia patients who demonstrate difficulties with this (Brass et al., 2001; 2003;

2005; 2009).

Perhaps surprisingly, they identified that frontal lesion patients who
demonstrated impaired performance on the Stroop task did not demonstrate the same
Impairments on an imitation—inhibition task and vice versa (Brass et al., 2003). This
provides evidence of a double dissociation between the inhibition of imitative and non-
Imitative responses, suggesting that the inhibition of imitative responses might be
facilitated by a domain-specific neural network. More generally, the assumption had
been that all types of inhibition are underpinned by a domain-general inhibitory network
which is part of the Multiple Demand (MD) network and involves areas including the
dorsolateral prefrontal cortex (dIPFC) and the inferior frontal gyrus (IFG — Darda &
Ramsey, 2019). Keen to investigate the finding of double dissociation further, Brass
and colleagues followed their earlier work up with a neuroimaging study (Brass et al.,
2005). In this study, they identified that the Stroop task and the Imitation-Inhibition task
seem to invoke different cortical and functional mechanisms, with the Imitation-
Inhibition task recruiting areas such as the medial prefrontal cortex (mPFC) and the

right temporoparietal junction (rTPJ).

Although this double-dissociation has been investigated in adults (Brass et al.,
2003; 2005; 2009), thus far, only a few studies have been conducted to investigate the
domain-general versus domain-specific debate in relation to the inhibition of imitative
responses in young children. Based on the research conducted by Brass and colleagues,

one would expect young children who have underdeveloped inhibitory control to look



a lot like the echopraxia patients, showing a pervasive tendency to copy others. Indeed,
young children do seem to show a strong tendency to copy other’s actions (Horner &
whiten, 2005; McGuigan et al., 2007). However, thus far there have been few studies
that have looked at the relationship between inhibitory control and imitation inhibition
in a developmental population. Given that between the ages of 3-5 years we see a
particularly accelerated period of improvement on developmental inhibitory control
tasks (Carlson & Moses, 2001; Gerstadt et al., 1994; Simpson & Riggs, 2005a, 2005b),
this population may provide particularly useful insights into this debate. Children of this
age range are not yet demonstrating ceiling levels of performance on inhibitory control
tasks, meaning that they produce a lot of variability in their scores. This, coupled with
their developmental prefrontal cortex immaturity make this an ideal population to assess
the neural correlates involved in inhibiting imitative vs non-imitative response

tendencies.

1.1.1 Research Questions

The overarching aim of the current thesis was to better understand the inhibition
of imitative tendencies in young children, and to try to elucidate the conflicting evidence
seen in the adult literature. Throughout this thesis, we therefore focus on three
predominant research questions. Firstly, ‘Ql: What is the best way to measure
inhibitory control in young children’; Secondly, ‘Q2: Is poorer inhibitory control in
children related to a greater tendency to copy others’ actions?’ And lastly ‘Q3: what are

the neural mechanisms involved in inhibiting imitative responses? Is the inhibition of



imitative responses ‘special’ in that it involves activation of the social brain network

rather than the domain-general inhibitory control network?”.

In order to investigate research questions 1 and 2, it was necessary to first
carefully consider the tasks currently used to investigate inhibitory control in young
children. Section 1.2.2 provides a detailed discussion of what makes a good measure of
inhibitory control. This was taken into account when developing and testing a new
inhibitory control task which is presented in Chapter Two, thus addressing the question
‘What is the best way to measure inhibitory control in young children?’. The study
presented in Chapter Three is the first to begin to address the question ‘Is poorer
inhibitory control in children related to a greater tendency to copy others’ actions?’, by
exploring whether there is an association between young children’s score on an
inhibitory control task and their tendency to show overimitation. Chapter Four then
introduces the final two studies. The first of these is an online behavioural study using
a task similar to that introduced in Chapter Two, but with the addition of an imitation-
inhibition condition. The second study presented in Chapter Four uses this same task,
but this time in a laboratory setting using functional near-infrared spectroscopy (fNIRS)
with children aged 4 years. This final study aims to provide answers to research question
3: ‘what are the neural mechanisms involved in inhibiting imitative responses? Is the
inhibition of imitative responses ‘special’ in that it involves activation of the social brain
network rather than the domain-general inhibitory control network?’. The remainder of
this chapter will give an overview of existing behavioural and neurophysiological

literature on the inhibition firstly of non-imitative responses, and then introduce the



topic of inhibiting imitative responses. It will also discuss the limitations of previous

work and the outstanding questions that motivated the current research.

1.2 Inhibitory Control

Inhibitory control — the capacity to suppress thoughts and behaviours
incompatible with current goals — plays an important role in early cognitive
development (Davidson et al., 2006; Isquith et al., 2004; Senn et al., 2004). For
example, it can predict children’s school achievement in mathematics and reading (Blair
& Razza, 2007; Bull & Scerif, 2001; Willoughby et al., 2012). One reason that
inhibitory control is so impactful on children’s development is because it can be used
in two different ways: to immediately suppress a goal-inappropriate response or to
maintain the suppression of a response over time (Allan & Lonigan, 2014; Carlson &
Moses, 2001; Garon, 2016; Simpson & Carroll, 2019). The former is sometimes
referred to as cognitive control, response inhibition or inhibitory strength, while the
latter is termed delay of gratification, effortful control or inhibitory endurance.
Response inhibition enables children’s thinking to be flexible (Blakey et al., 2016) and
creative (Cassotti et al., 2016), as well as improving their reasoning skills in many
domains (Houde & Borst, 2015). Additionally, children with good delay of gratification
skills are better able to resist temptation (Kochanska et al., 2001), as well as to make
later gains in their social skills (Bassett et al., 2012), well-being (Pauli-Pott et al., 2014),
and academic performance (Duckworth & Seligman, 2005). The studies contained

within this thesis focus on response inhibition. As such, any further mention of
7



‘inhibitory control’ will refer specifically to the type of inhibitory control required for

response inhibition.

1.2.1 Ways of measuring inhibitory control

The way in which we measure inhibitory control has evolved over the past few
decades. This section will provide an overview of some of the most popular types of
inhibitory control tasks including the SRC task and the Go/No-go task — both of which
are used within this thesis. One of the earliest tests used to measure inhibitory control
Is the Stroop task. First developed and published by John Ridley Stroop back in the mid-
1930s, the Stroop task requires participants to label the colour of the ink that a word
(the name of a colour) is written in (Stroop, 1935). In some cases, the colour of the ink
is congruent with the word written (e.g. the word ‘GREEN"” is printed in green coloured
ink), and in some cases the colour of the ink is incongruent with the word written (e.g.
the word ‘GREEN” is printed in red coloured ink). It was noticed that adult participants
struggled more in the incongruent condition than the congruent one, and even when
they answered correctly, it would take them longer. This observed delay in reaction time
when faced with an incongruent stimulus is known as the Stroop effect. The incongruent
trials result in longer response times because they require participants to inhibit the
strong tendency to attend to the written word, rather than the colour of the ink it is

printed in.

Although the Stroop task is not suitable for use with young children since it
requires the participant to be able to read, there are many tasks which have been adapted

8



for use in developmental studies. One of the most popular categories of task is the
Stimulus-Response Compatibility (SRC) task, in which participants are required to
produce response A when presented with stimulus b, and to produce response B when
they are presented with stimulus a (Petersen et al., 2016). In this way, SRC tasks are
based on the Stroop principals. A classic example of an SRC task suitable for use with
young children is the Day-Night task (Gerstadt et al., 1994). In this task, children are
instructed to say “day” when they are shown a picture of a black card with a moon on;
and to say “night” when they are shown a picture of a white card with a sun on. The
Day-Night task also includes a control condition, in which children are instructed to
respond “day” when they are shown one abstract picture (e.g. a black background with
two white ribbon-like shapes) and to respond “night” to another abstract picture (a black

and white chequerboard-like pattern).

The use of a control condition allows researchers to compare performance
between the two conditions, and if children perform more poorly on the experimental
condition than the control condition, we can be confident that their decreased
performance is due to the inhibitory demands of the task, and not something else, such
as the working memory demands. The control condition is similar to the experimental
condition in that it requires children to learn, remember and apply the task rules (e.g.
when you see a chequerboard, say “night”), in exactly the same way as the experimental
condition (e.g. when you see a sun, say “night”). However, since there is no prior
association between a chequerboard and the word “night”, it should not require the use
of inhibitory control to prevent the inappropriate response (day) from being made. In

the experimental condition, seeing the picture of the sun automatically primes the
9



response “day”, which must be supressed in order for the correct response “night” to be
given instead (Simpson & Carroll, 2019). The Day-Night task is just one example of

the numerous types of SRC task used to study inhibitory control in young children.

Another SRC task used to test inhibitory competence in children is the Grass-
Snow task (Carlson & Moses, 2001). This task is very similar to the Day-Night task,
but rather than the child giving a verbal response to a visual cue, the Grass-Snow task
requires children to point to the required visual stimuli when a verbal cue is given
(Passler et al., 1985). For instance, when the experimenter says the word “grass”, the
child is required to point to the white square, and when the experimenter says the word
“snow”, the child is required to point to the green square. Although both the Grass-
Snow and Day-Night tasks are originally named after the specific stimuli used, these
tasks are generally defined by the modality of the stimuli and response they use. In other
words, ‘when I say this, you point to this’ is the Grass-Snow methodology whilst ‘when
I show you this, you say this’ is the Day-Night methodology. Both methodologies now
have numerous iterations in which the methodology remains the same, but the stimuli
vary, for instance the Sun/Moon, Black/White, Cat/Dog, Happy/Sad, Yes/No,
Bird/Dragon, Boy/Girl, Big/Little, Up/Down, Car/Book, and Red/Blue tasks are all
variants of the Day-Night task, while the Rain/Snow, Table/Chair, Fork/Knife,
Mommy/Me and the Car/Boat tasks are examples of variants of the Grass-Snow task
(see Petersen et al., 2016 for a review). In fact, some of these tasks have been used in
different variations which include both the Day-Night and Grass-Snow methodologies,
for instance the Sun/Moon, Car/Boat, Table/Chair, Fork/Knife, Red/Blue, and

Mommy/Me tasks.
10



The SRC paradigm of ‘produce response A when presented with stimulus b, and
to produce response B when they are presented with stimulus «’ is often used in the
literature to test ‘response inhibition’ or ‘interference inhibition’. Alongside SRC tasks,
exists another type of inhibition, namely ‘motor inhibition’. Motor inhibition tasks test
participants’ ability to refrain from making an action response such as a button press. A
popular type of task used to measure motor inhibition is the Go/No-go task. In the
Go/No-Go task, participants are required to observe a series of visual stimuli and to
respond (often with a button press) on ‘Go’ trials and refrain from making a response
on ‘No-go’ trials. The ‘Go’ trials typically occur more frequently, in order to build up
a prepotent response. As with SRC tasks, there are many variations of Go/No-go tasks
used. For example, some studies require children to press a button when they see a red
light (‘Go’ trial), but to refrain from pressing the button when they see a blue light (‘No-
go’ trial) (Dowsett & Livesey, 2000) while others require children to tap a touchscreen
when they see a fish, but to refrain from tapping the touchscreen when they see a shark

(Howard & Okely, 2015).

A popular variation of the Go/No-Go task is the ‘Simon Says’ task. In this task,
children are required to perform an action which is commanded and demonstrated by
the experimenter but only if it is preceded by the phrase “Simon says”. Examples
include the experimenter saying “Simon says touch your nose” whilst touching their
nose, or “stamp your feet” while stamping their feet. In the first example, children would
be required to touch their nose (Go trial), whilst in the second example they would be
required to withhold a response (No-go trial) since the command was not preceded with

the phrase “Simon Says”. The Simon Says task was first seen in the Psychology
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literature back in the 1970s (Strommen, 1973). Versions of the Simon Says task include
the Bear/Dragon (Kochanska et al. 1996; Reed et al., 1984), Bear/Elephant (Jones et al.,
2003), Dog/Dragon (Floyd & Kirby, 2001) and Panda/Lion (Wang et al., 2022) tasks to
name a few. In these tasks, children are usually seated in front of two large toy animals
and instructed to follow the commands of one toy (Go trials) but not the other (No-go

trials).

In summary, researchers have a lot of different tasks at their disposal, but there
is evidence that different task variations may be suited to differing age ranges. The
following section will discuss the way in which inhibitory control develops over
childhood and the subsequent suitability of some of the tasks mentioned in the current

section.

1.2.2 The development of inhibitory control

A growing body of literature has demonstrated that some form of inhibitory
control is already evident before a child reaches their first birthday (Diamond, 2002;
Diamond et al., 2007; Garon et al., 2008; Wolfe & Bell, 2007). In fact, some new
evidence suggests that this could even be emerging from as young as 6 months of age
(Holmboe et al., 2021). This ability continues to improve right up until early
adolescence (Levin et al., 1991; Luna et al., 2004; van den Wildenberg & van der
Molen, 2004; Williams et al., 1999), but nowhere is this increase more substantial than
the preschool years. A remarkable, rapid improvement in inhibitory control
performance occurs between the ages of 3-5 years on behavioural tasks, signifying a
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distinct period of accelerated development (Garon et al., 2008; Garon et al., 2014;
Holmboe et al., 2021; Reed at al., 1984; Simpson & Riggs, 2005a). For instance, Jones
and colleagues (2003) used the Bear/Elephant task to compare three age groups (36-38
months; 39—41 months and 46-48 months). They found all children performed well on
the ‘Go’ trials with no age group scoring below 90% accuracy. However, on the ‘No-
go’ trials, the youngest children (36-38 months) scored much lower than the older
children in the sample (46-48 months) with scores of 22% and 91% respectively,
indicative of this period of rapid growth in inhibitory control between the ages of 3-5

years.

Given this important period of rapid development, many researchers have been
keen to study the developmental trajectory of inhibitory control. However, because this
period of development is so rapid, most tasks encounter floor and ceiling effects outside
a span of just a few years, which means that studying the developmental trajectory of
inhibitory control is all-the-more difficult (Petersen et al., 2016). The current thesis
focuses on just the age range from three years up until almost six years, since this is the

age range in which we see the most substantial improvements in inhibitory control.

In an effort to assess the continuity and age-appropriateness of some of the
various tasks used to measure inhibitory control, Petersen and colleagues (2016)
conducted a meta-analysis comparing 198 studies. Across these 198 studies, a total of
13 different inhibitory control tasks were tested and a “useful’ age range was determined
for each task based on upper and lower limits of 20% and 80% accuracy on each task.

Overall, the meta-analysis determined that the useful age ranges of the tasks assessed
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generally overlapped one another. For example, the most useful age ranges for both the
Day-Night task and the Grass-Snow task are 33 to 71 months and 30 to 69 months
respectively (Petersen et al., 2016). This provides good empirical evidence that these
tasks are indeed well-suited to measuring inhibitory control in children aged between

three to five years.

The analysis also revealed that different variants of the GNG can have quite
substantially different age ranges. For instance, the Bear-Dragon task was found to have
a suitable age range of 33 to 54 months, whilst the Simon Says task had a useful range
of 58 to 86 months. Considering both the Bear-Dragon task and the Simon Says task
are based on the GNG paradigm, it seems striking that one task seems so much more
difficult than the other (Marshall & Drew, 2014). When comparing these two tasks in
more detail, we see that whilst both tasks require children to withhold an action response
on the inhibitory trials, the way in which this is done differs. For instance, in the Simon
Says task the experimenter both verbalises and performs the commanded action
regardless of whether it is a ‘Go’ trial or a ‘No-go’ trial. However, in the Bear/Dragon
task children are told to follow the commands of one animal every time, and to always
ignore the commands of the other animal. Children find the Simon Says task particularly
difficult because they must inhibit both their own performance of the commanded action
and their tendency to imitate the adult model on some of the trials (No-Go trials) but
allow themselves to imitate on others (Go trials). Conversely, in the Bear/Dragon task,
the ‘Go’ and ‘No-go’ trials are far more distinguishable from one another, likely making
them easier to remember. In addition, performance on the Bear/Dragon task may also

be aided by the fact that the ‘command’ animal only verbalises the command, it does
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not perform the actions and so the inhibitory demands of the Bear/Dragon task are not

as high as those of the Simon Says tasks (Marshall & Drew, 2014).

The review conducted by Petersen and colleagues (2016) highlights the
importance of the need to be selective when choosing an age-appropriate inhibitory

control task for a developmental population.

1.2.3 Finding a good measure of inhibitory control

Based on the findings of their meta-analysis review — that the useful age range
of each individual developmental inhibitory control task spans only a few years —
Petersen and colleagues (2016) argue that “to make inferences regarding developmental
change, we must use equivalently functioning and construct-valid measures across
time” (Petersen et al.,, 2016, p. 44). The authors, therefore, put forward several
recommendations for researchers planning to conduct longitudinal research. Whilst the
studies in the current thesis are not longitudinal designs, many of the recommendations
also seem applicable to cross-sectional research in order to identify the best measure of
inhibitory control for the research being conducted. These recommendations include
careful selection of the task to achieve the ‘purest’ measure of inhibitory control, the
developmental appropriateness (i.e. a measure that most children of the same age are
capable of), and the developmental sensitivity (a measure that provides enough
variability to enable the assessment of individual differences). The remainder of this
section therefore discusses what makes a ‘good’ measure of inhibitory control in
relation to the current thesis work.
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The overarching aim of this thesis was to compare the inhibition of two different
response types (e.g. imitative responses and non-imitative responses). In order to make
comparisons, it is imperative that the tasks selected for this are not only
methodologically similar, but that they are the best possible measure of the construct
being tested (i.e. inhibitory control). As seen in section 1.2.1, there are many different
tasks available to developmental psychologists, which can make it difficult to choose
the best. But when selecting a task for a developmental study, perhaps the most
Important consideration is the validity of the task (i.e. whether the task is actually
measuring the construct of inhibitory control). If a task being used does not tap into the

construct wishing to be measured, then it will not make a good measure.

Most of the studies contained within this thesis make use of an SRC task. Perhaps
the best way of ensuring that an SRC task is actually measuring inhibitory control is
with the use of a control condition. A good control condition will be similar to its
experimental counterpart in many ways, except that it will not have the inhibitory
component. Good performance on the control condition shows that children can cope
with the non-inhibitory demands of the task (e.g. the working memory and attentional
demands). Therefore, if children perform well on the control condition, but poorer on
the inhibitory conditions, the difference in performance can be attributed to the
inhibitory demands of the task making the experimental condition more difficult than
the control condition. Since the inhibitory demands are precisely what one is trying to
measure in an inhibitory control task, the ability to compare the difference in
performance on the task against a control condition provides a good indication about

the efficacy of the task, and therefore how good a measure of inhibitory control it is.
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Whilst the majority of the studies in the current thesis use SRC tasks, Chapter
Three includes a GNG task. In a GNG task it is only the No-go trials which provide a
measure of inhibition, unlike an SRC task where every trial requires inhibition. GNG
tasks are different from SRC tasks in that it is possible for participants to score perfectly
on the No-Go trials by simply not engaging with the task at all. For this reason, it is
important to assess both the ‘Go’ and the ‘No-go’ trial accuracy in combination, and to
exclude any participants who are either not engaging with the task or responding
indiscriminately. To ensure that non-responsiveness is not the reason for a participant’s
‘good’ score, researchers may take participants’ average ‘Go’ score and multiply this
with their average ‘No-go’ score to create an ‘impulsivity score’ or ‘sensitivity index’
(e.g. Wiebe et al., 2012). Due to this design then, it is not possible to apply a control
condition as in the case of SRC tasks. However, not having a control condition can
make it much more difficult to know whether children who perform poorly do so
because of the high inhibitory demands of the task, or for other reasons such as the
working memory demands. It is for this reason that the current study uses mainly SRC
tasks, since the addition of the control condition makes it easier to establish how ‘good’
a measure of inhibitory control the task is. This is reiterated in Chapter Three which
discusses some of the limitations of the GNG task and explains why SRC tasks are used

exclusively thereafter.

We now also consider the developmental appropriateness and the developmental
sensitivity of the tasks used in developmental studies of inhibitory control, as
recommended by Petersen and colleagues (2016). Again, it can be argued that the GNG

task has some limitations which SRC tasks do not. As stated above, at most only half
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of the trails measure of inhibitory control. In turn, this means that more trials are
required in a GNG task than an SRC task in order to obtain the same number of
inhibitory trials. Having more trials tends to make a task longer, potentially making the
GNG task less suited to a younger population who are likely to lose attention much
faster. In addition, Simpson & Riggs (2006) demonstrated that the inhibitory demands
of the GNG task can be impacted by the amount of time available for children to
respond. If the trials are presented too quickly, children will not have sufficient time to
respond but if they are presented too slowly then the lack of time pressure can reduce
the prepotency of the response and thus affect the inhibitory demands of the task
(Simpson & Riggs, 2006). This time pressure is not applicable in SRC tasks such as the
Day-Night task, making these tasks more likely to provide a good measure of inhibitory

control.

But there is also another type of inhibitory response not measured by the tasks
discussed thus far: the inhibition of imitative responses. Thus far, this Chapter has
provided an overview of the developmental literature associated with the inhibition of
non-imitative responses, such as inhibiting the tendency to label a picture. However,
since one of the main aims of the current thesis is to investigate the inhibition of
Imitative responses in young children, the remainder of this Chapter will review the

literature and the tasks which can be used to address this aim.
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1.3 Imitation and Inhibition

Imitation refers to the copying of an observed behaviour (Whiten & Ham, 1992).
Imitation is believed to play a pivotal role in human development, including the
acquisition of motor, communicative, and social skills (Clark, 1977; Meltzoff, 1988;
Piaget, 1945; Tomasello et al., 1993). In addition, imitation also serves a social function
as it aids in building rapport, cooperation, and affiliative attitudes between individuals
(Chartrand & Lakin, 2013) as well as supporting peer-learning (Lew-Levy et al., 2023).
Thus, imitation provides a necessary aid for social learning. However, as imitation is
supported by a coupling between perception and action (Cross & lacoboni, 2014), it can
also be considered a prepotent response tendency that may need to be inhibited at times.
The prepotency of imitation and the subsequent need for use of inhibitory control will

be explored in more detail in the following sections.

1.3.1 Imitation and the Mirror Neuron System

In the 1990s, it was discovered that some of the motor neurons in the macaque
brain are activated not just during the execution of an action, but during the mere
observation of the action (di Pellegrino et al., 1992). These neurons became known as
“mirror neurons”. Since their initial discovery, neurons with similar properties have
been found in the human brain (for a review see Caspers et al., 2010), and many studies
have provided evidence that whenever we observe someone else’s actions, the
corresponding motor representations within our own brains are automatically activated

(Decety, 1997; Grezes et al., 1998; lacoboni et al., 1999, Nishitani & Hari, 2002). There
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is still some controversy around the initial development of the mirror neuron system
(Oostenbroek et al., 2016), but there is evidence that from at least six to nine months of
age there is activation motor cortex when infants observe others’ actions (Shimada &

Hiraki, 2006; Southgate et al., 2009).

This connection between visual and motor representations of actions is therefore
thought to support imitation and makes copying others’ actions a pre-potent response
tendency (Brass & Heyes, 2005; Chartrand & Bargh, 1999; Cross & lacoboni, 2014,
Cross et al., 2013; Crescentini et al., 2011; lacoboni et al., 1999). Given then, that
Imitation is a prepotent response tendency, it must require inhibition at times when it is

not appropriate to enact every action we observe (Cross & lacoboni, 2014).

Whilst the developmental literature on imitation and mimicry is abundant, little
research has been conducted on how young children inhibit their imitative tendencies.
However, there are some important findings within the adult literature which have
sparked a debate as to whether the neural mechanisms underlying the inhibition of
imitative tendencies are separate from the mechanisms underlying other types of
inhibition (Brass et al., 2003, 2005; Darda & Ramsey, 2019). These findings may be
relevant to both the studies of adults and children alike, though they have not been tested
in a developmental population thus far. Given that young children have both notoriously
poor inhibitory control (Diamond et al., 2002; Gerstadt et al., 1994) as well as a prolific
tendency to imitate (e.g. McGuigan et al., 2007), we propose that studying them will
help investigate this debate. Indeed, the focus of Chapter Three is to investigate the

relationship between young children’s inhibitory control and their imitative tendencies.
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In the sections below, the key findings from the adult literature and the
subsequent debate that followed are discussed in further detail. After this, the chapter
goes on to review the relevant (but limited) developmental literature on imitation

inhibition and the neural correlates of inhibitory control.

1.3.2 Key findings from the adult literature

In the 1960s, Alexander Luria noted that many of his patients who had suffered
frontal lobe damage had a tendency to copy the actions of others —a condition he termed
‘echopraxia’ (Luria, 1966). To explore this observation further, Luria created a task
designed to measure an individual’s ability to inhibit imitative responses. In this task,
commonly referred to as ‘Luria’s Hand Game’, the patient is asked to perform an action
which is incongruent to the action they are observing the experimenter perform. For
instance, when the examiner makes a fist, the patient is required to respond by extending
their index finger, and vice versa. Luria found that patients with frontal lobe lesions
were less able to inhibit the tendency to perform the same action as the examiner during

Luria’s Hand Game task, and instead copied the observed actions (Luria, 1966).

Keen to explore this finding further, Marcel Brass and his colleagues sought to
shed light on the role of the frontal lobe in the inhibition of imitative responses (Brass
et al., 2001; 2003; 2005; 2009). Based on Luria’s Hand game, they developed an
‘Imitation Inhibition’ task which involved participants lifting either their index finger
or middle finger in response to a number cue presented on a screen (Brass et al., 2001).
Participants were instructed to lift their index finger if a number 1 was displayed, and
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to lift their middle finger if a number 2 was displayed. But in addition to the number,
the screen also showed a video clip of a hand raising either the index or middle finger.
The pre-recorded hand movement in the video clip was either congruent or incongruent
to the correct hand movement for each trial. For instance, on congruent trials the
observed finger movement matched the instructed finger movement (e.g. lifting the
index finger when a number 1 was displayed), and on incongruent trials the observed
finger movement opposed the instructed finger movement (e.g. lifting the middle finger
when a number 1 was displayed). Brass and colleagues found that on average,
participants had a faster reaction time when the finger movement was congruent than

when it was incongruent (Brass et al., 2001).

In a follow-up study, Brass and colleagues used this task compared performance
on the Imitation-Inhibition task with performance on the Stroop task in both a group of
patients with frontal lobe lesions and a healthy control group for comparison (Brass et
al., 2003). In this study, they demonstrated that frontal lesion patients who demonstrated
impaired performance on a non-imitative inhibition task (the Stroop task) did not
demonstrate the same impairments on an imitation—inhibition task and vice versa (Brass

et al., 2003).

To further investigate this potential double dissociation, Brass and colleagues
followed this up with a neuroimaging study (Brass et al., 2005). In this study, they
identified that the Stroop task and the Imitation-Inhibition task seem to invoke different
neural mechanisms. For instance, during the Imitation-Inhibition task, activation was

seen in brain areas such as the mPFC and the rTPJ, whilst the activation was found in
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the pre-supplementary motor area (pre-SMA) and the fusiform gyrus during the Stroop
task. The only region found to be activated in both tasks was the inferior frontal gyrus

(IFG).

Typically, inhibitory control is thought to be supported by a domain-general
network of brain regions and taps into the multiple demand (MD) network (Darda &
Ramsey, 2019; Duncan, 2010). The MD network includes the IFG and the dorsolateral
prefrontal cortex (dIPFC). However, Brass and colleagues’ findings contradict this
assumption when it comes to the inhibition of imitative responses (Brass et al., 2005).
Indeed, the finding of activation of social brain areas including the mPFC and the TPJ
provides the first evidence that the inhibition of imitative responses might be somewhat

special in that it is facilitated by a different domain-specific network.

Indeed, there are studies that use techniques to suppress or excite specific regions
of the brain to then observe the effects. One such technique is transcranial direct current
stimulation (tDCS) — a form of non-invasive electrical brain stimulation technique,
which provides excitatory stimulation to a specific region of the brain to enhance its
function (Hogeveen et al., 2015). By increasing activation to a specific area, researchers
can gain an insight into what function(s) become enhanced, which may indicate what
that specific brain region might be responsible for. Researchers have found that
providing anodal stimulation to the rTPJ using tDCS can indeed improve one’s
performance on an imitation inhibition task (Hogeveen et al., 2015; Santiesteban et al.,
2015). Taken together, these findings provide converging evidence that a domain-

specific inhibitory network could be used either alone or in combination with the
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domain-general network of inhibitory control during the inhibition of imitative

responses.

1.4 The Domain-general vs Domain-specific debate

Darda & Ramsey (2019) sought to further investigate the double dissociation
between the inhibition of imitative and non-imitative responses by conducting a meta-
analysis. Specifically, they identified and reviewed 12 fMRI studies involving imitation
inhibition tasks to investigate whether there was consistent activation of social brain
areas such as the mPFC and the TPJ. If so, this would support the work of Brass and
colleagues, and favour the idea that the inhibition of imitative responses is supported
by a separate, domain-specific network. The results of the meta-analysis were not
conclusive. On the one hand, the data showed that across the 12 studies combined, there
did indeed appear to be consistent involvement of the rTPJ associated with imitation
inhibition, but this was not the case for the mPFC (Darda & Ramsey, 2019). But on the
other hand, the meta-analysis revealed consistent recruitment of the brain regions
associated with the MD network such as the rIFG and the right superior temporal gyrus

during the imitation-inhibition task.

Overall, the authors suggest that the results of the meta-analysis are more in-line
with a domain-general theory of inhibition (Darda & Ramsey, 2019). This finding
therefore appears to contradict Brass’s earlier findings of recruitment of the mPFC and

the rTPJ but not the MD network during an imitation inhibition task (Brass et al., 2005).

24



Taken together, the evidence is contradictory, with Brass and colleagues (2003; 2005)
finding evidence in support of a domain-specific theory of imitation inhibition and
Darda and Ramsey’s review (2019) finding evidence in support of a domain-general
theory of imitation inhibition. Since the meta-analysis in 2019 (Darda & Ramsey), no
further research has been conducted into the domain-general/domain-specific debate in
relation to the inhibition of imitative responses. However, given that this debate remains
unresolved, it seems important to expand on this research. We propose that one way of
uncovering new answers is to conduct this research with young children who are known
for both their prolific imitative tendencies as well as their poor inhibitory control.
Similar to the way in which Luria and Brass were interested in echopraxia patients
because of their deficiencies, it seems that testing the inhibition of imitative tendencies

in a developmental population could also prove to be enlightening.

1.4.1 Studying imitation inhibition in young children

Luria’s hand game has been adapted to be more suitable for a developmental
population and has been used in many behavioural studies of inhibitory control. For
instance, Diamond and Taylor (1996) introduced a tapping task in which children were
instructed to tap once (using a wooden dowel) if the experimenter tapped twice, and to
tap twice if the experimenter tapped once. When testing an age range between 3% to 7
years, the authors found that older children were faster and more accurate than younger
children on this tapping task, and by the age of 6 years, children reached ceiling level

accuracy.
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Additionally, Hughes (1998) has also adapted Luria’s Hand game in which
children are instructed to point their finger when the experimenter makes a fist, and to
make a fist when the experimenter points their finger. Since this was a battery study,
the composite scores from both the Hand Game and another inhibitory control task were
used as a general measure of inhibitory control. In line with the findings from Diamond
and Taylor (1996), Hughes also found that there was an age-related improvement in this
measure of inhibitory control across the preschool years (1998). This age-related
Improvement on tasks such as the Hand Game appears to roughly correspond — at least
behaviourally — with the developmental trajectory of inhibiting non-imitative responses
such as those measured by the Day-Night task (Gerstadt et al., 1994), Grass-Snow task

(Carlson & Moses, 2001) and the Go/No-go task (Dowsett & Livesey, 2000).

1.4.2 Comparing inhibitory performance on imitative vs non-imitative tasks

One of the main aims of the current thesis was to compare the inhibition of
imitative and non-imitative response tendencies in young children. To do this, we must
be selective about the tasks used to ensure that they are as similar as possible. If the
tasks are closely matched, there is less likelihood that any differences found in
children’s performance are due to differences in task demands. This is especially
important when aiming to investigate brain functionality, as is the case in Chapter Four.
We first provide a review of the tasks which are currently used to assess imitative and

non-imitative responses in young children and then consider how closely matched they
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are to one another. The section then ends with a summary of the tasks we go on to use

in later chapters based on the evidence reviewed here.

Several developmental studies have compared children’s performance on
imitative vs non-imitative tasks (Diamond & Taylor, 1996; Passler et al., 1985; Watson
& Bell, 2013). For instance, Diamond and Taylor (1996) tested a group of children
between the ages of 3% to 7 years on both the Day-Night task and the Tapping task. As
expected, children improved on both tasks with age. A comparison of task performance
demonstrated that children found the Tapping task easier than the Day-Night task at all
age groups above 4 years, and this difference was significant from the age of 5% and
over (Diamond & Taylor, 1996). Furthermore, the authors found that children appeared
to show a fatigue effect on the Day-Night task but not on the Tapping task. These results
are consistent with the findings from Watson and Bell’s (2013) study which

demonstrated that children performed better on the Hand Game than the Day-Night task.

At the time, Diamond and Taylor (1996) suggested that perhaps the reason
children found the Tapping task easier than the Day-Night task was because overlearned
associations such as day and sun, or moon and night have a higher prepotency than
mimicking the actions of others. However, the more likely reason children found the
Tapping task easier was because the wooden dowel had to be passed back and forth
between the child and the experimenter, thus increasing children’s time to respond. In
this way, they can think about their answer during the time it takes to pass the wooden
dowel, and this additional time makes it more likely they will perform the correct action.

Indeed, Simpson and Riggs (2006) found that when giving children longer to respond
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on a GNG task, they found the ‘No-go’ (inhibitory) condition almost as easy as the ‘Go’
(prepotent) condition. This is because the longer response time not only gave children
longer to think about their response so as not to accidently press the button on a ‘No-
go’ trial, but this also reduced the prepotency of the ‘Go’ trial. By reducing the
prepotency, this makes the task significantly easier (Simpson & Riggs, 2006). However,
the Hand Game demands a more immediate inhibitory response than the Tapping task,
since there is no wooden dowel to pass between experimenter and participant. Why then
did Watson and Bell (2013) find that this task too seemed easier for children than the

Day-Night task?

The evidence suggests that, just as giving children longer to consider their
answer before responding can reduce the prepotency of the task, there are other factors
which may also influence the prepotency of an imitative response. O’Sullivan and
colleagues (2018) found that actions which are commonly performed synchronously
(such as clapping or waving) have a stronger prepotency effect than actions which are
not performed synchronously (such as pointing or making a fist). The authors suggest
that this is because actions which are performed synchronously such as clapping or
waving have social significance, and thus tend to be performed more often (O’Sullivan
eta., 2018). One predominant theory to explain this is that children develop associations
between sensory and motor representations of actions through sensorimotor experience
(Heyes & Ray, 2000). This associative learning theory suggests that perceptual-motor
couplings in the brain develop through the repeated experience of ‘seeing and doing’
(i.e. correlated sensorimotor experience). Indeed, there is strong evidence to suggest

that imitation becomes more prepotent throughout infancy and into early childhood
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(Horner & Whiten, 2005; Jones, 2007; Piaget, 1945). Associative learning theory
predicts that pointing a finger or making a fist may be less prepotent in young children
than actions such as clapping, because children have had less experience of
simultaneously observing and performing them (O’Sullivan et al., 2018). Therefore,
actions such as pointing a finger or making a fist may be less prepotent in young children
than actions such as clapping, because children have had less experience of observing
and performing them (O’Sullivan et al., 2018). This provides a possible explanation for
why the Hand Game may be easier for young children than the Day-Night task (Watson

& Bell, 2013).

Another key difference between the Hand Game and the Day-Night task is that
one requires children to give a motor response to a visual stimulus, whilst the other
requires children to give a verbal response to a visual stimulus. This discrepancy
between motor responding and verbal responding has previously been shown to be
problematic. For instance, Livesey and Morgan (1991) found that in a verbal response
condition, young children were able to give the correct (verbal) response, but when
required to inhibit a motor response they were unsuccessful. This finding further

highlights the importance of aligning the task methodologies as best as possible.

In the current thesis, we therefore propose that the Hand Game is a more suitable
task for assessing the inhibition of imitative responses than the Tapping Task. This is
because the Hand Game requires a more immediate inhibitory response, thus ensuring
that the inhibitory demands of the task remain reasonably high. In addition, whilst the

literature described has considered only the Day-Night task, in this work (see Chapters
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Two and Four) we use the Grass-Snow task because it may be a better match to the
Hand Game. Firstly, the Grass-Snow task requires children to point to the required
visual stimuli when a verbal cue is given (rather than requiring a verbal response to a
visual cue). In this way, the Hand Game and the Grass-Snow task are alike in that they
require a motor response (a hand gesture, or a point). A second, additional benefit to
using the Grass-Snow task is that according to Petersen and colleagues’ review paper
(2016), this task provides a more similar ‘useful age range’ (30—69 months) to the Hand

Game (30-69 months) than the Day-Night task does (33—71 months).

To sum up, having compared the tasks available in the developmental literature,
it seems that the Grass-Snow task and the Hand Game are the best options to compare
the inhibition of imitative responses with the inhibition of non-imitative responses. Both
have the same ““if A then B, if B then A’’ rule structure (Simpson & Riggs, 2011) and
have been found to be well-suited to children of a similar age range (Petersen et al.,
2016). In addition, both demand a motor response from children. For these reasons, the
tasks we use in the current thesis are based on the methodologies of the Grass-Snow
task and the Hand Game with just a few modifications as described in Chapters Two
and Four. In Chapter Four we use these tasks to compare the neural correlates of
inhibiting both imitative and non-imitative prepotent response tendencies in young

children —a question which is still outstanding.
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1.5 Assessing the Neural Correlates of Inhibitory Control

In this section, we first review some of the developmental literature addressing
the neural correlates of inhibitory control using various neuroimaging techniques
including fNIRS, before then considering the limited evidence for the neural basis of

inhibiting imitative responses specifically.

1.5.1 Early studies investigating the neural correlates of inhibitory control

The earliest studies investigating the neural correlates of inhibitory control used
EEG. For instance, Wolfe and Bell (2004) conducted an EEG study with 4%2-year-olds
on the Day-Night task. The analysis showed that there was greater alpha power over the
medial frontal regions during the inhibitory condition compared to the baseline
condition. When applying a median split to children’s accuracy scores to create a high
inhibitory group and a low inhibitory group, the analysis revealed that the high
performing group generally demonstrated greater levels of inhibition than the low

performing group (Wolfe & Bell, 2004).

However, whilst EEG has excellent temporal resolution, it has poor spatial
resolution, which means that although it is very good at telling us when brain activation
occurs, it is not very good at telling us where it occurs. EEG is therefore not very suited
to localisation studies where the precise site of the brain activation is important (Burle
etal., 2015). In such instances, other techniques such as functional magnetic resonance
imaging (fMRI) are more appropriate. Rather than recording the electrical activity as

with EEG technology, fMRI measures the Blood Oxygen Level Dependent (BOLD)
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response. At rest, the brains energy demands are met. However, when there is a spike
in electrical activity (i.e. neurons firing) in a given area, this is accompanied by an
increase in oxygenated haemoglobin to meet the additional energy demands in a process
called neurovascular coupling (Nair, 2005). In this way, fMRI is a measure of the
haemodynamic response resulting from an increase in neural activity and is thus a more
indirect measure of brain activity than EEG (Barth & Poser, 2011). The brain’s BOLD
response is somewhat slower than its electrical response, as it takes time for the
additional oxygen to reach the required area (Nair, 2005). However, what fMRI lacks
in temporal resolution, it makes up for in spatial resolution, allowing for more accurate

localisation and mapping of active regions of the brain (Dalenberg et al., 2018).

Several researchers have used fMRI to assess brain activation related to
inhibitory processes in middle childhood (between the ages of 6 and 12 years) (Casey
etal., 1997; Durston et al., 2002; Durston et al., 2006; Rubia et al., 2007). For instance,
Durston et al. (2002) compared brain activation in 6- to 10-year-olds against adults
during a GNG task. They found that both the children and adults demonstrated an
increase in activation within the bilateral ventral PFC, right dIPFC and the right parietal
lobe during trials in which inhibition was required (No-Go trials). This is in line with
the findings by Casey et al. (1997) who found little differentiation between the activated
brain regions in adults and children (aged 7-12 years) during a GNG task as measured
with fMRI. These activated regions included the bilateral inferior frontal cortex, middle

frontal cortex, orbital frontal cortex and anterior cingulate gyri.
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However, with regard to the current study, it is really children aged between 3-5
years that are of the greatest interest, since this age range encompasses the sharpest
observed increase in developmental trajectory. Unfortunately, fMRI is not particularly
suitable for children this age. Not only is it an expensive and immobile method of
neuroimaging in comparison to methods such as EEG, but it also requires a rather high
tolerance level from the participant due to the fact that it is a noisy, confined space in
which the participant must remain perfectly still to gain an accurate measurement
(Lloyd-Fox et al., 2010). In fact, this sensitivity to movement means that functional
neuroimaging using fMRI is not possible among populations for which lying still for
prolonged periods is problematic, including infants and children up to around five years
of age. Thankfully, recent advancements in technology over the last few decades have
resulted in alternative neuroimaging methods to localise neural activation in young

children such as functional near-infrared spectroscopy (fNIRS).

1.5.2 Using fNIRS to measure inhibitory control

fNIRS works in a similar way to fMRI in that it measures haemodynamic
response, or rather, the levels of oxyhaemoglobin and deoxyhaemoglobin in specific
areas of the brain. This is done by emitting infrared light from ‘source’ optodes which
are secured in place in a lightweight headcap over the scalp. ‘Detector’ optodes then
measure the amount of infrared light that returns (Lloyd-Fox et al., 2010). Because
oxygenated and deoxygenated blood have different optical absorption properties, fNIRS

technology can assess changes in blood oxygenation (Jobsis, 1977). We can therefore
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deduce that regions which are ‘active’ (and thus are responding to neuronal activation)
are those regions which incur an increase in oxygenated blood and a decrease in

deoxygenated blood (Villringer and Chance, 1997).

Arguably, TNIRS fills the gap between EEG and fMRI since its spatial resolution
is better than EEG (but not as good as fMRI), whilst its sampling rate is better than
fMRI (though not as good as EEG). As with any neuroimaging technique, fNIRS too
has limitations. For instance, it lacks the capacity to measure beyond a few centimetres
into the cortical tissue, it therefore cannot access deeper brain regions such as the
amygdala. However, for the current thesis, this is not an issue since the regions of
interest reside close to the cortical surface. In addition, fNIRS is far more tolerant of
movement than fMRI (Aslin & Mehler, 2005; Cutini & Brigadoi, 2014) and seeing as
the headcap can be administered quickly and easily and is generally well-tolerated by
young children, fNIRS provides one of the best neuroimaging methods for studying
neural activation in young children (Lloyd-Fox et al., 2010). It is for these reasons that

we use fNIRS in the current thesis (see Chapter Four).

In the last decade, the number of researchers turning to fNIRS to measure
inhibitory control in the developing brain has grown exponentially. One such example
is a study by Smith and colleagues (2017) who applied fNIRS whilst children aged 4-
10 years completed a GNG task. The study revealed an increase in oxyhaemoglobin and
a decrease in deoxyhaemoglobin across the right and left ventrolateral prefrontal cortex
(VIPFC) and right and left dIPFC. Whilst activation occurred bilaterally, the authors

found greater change in activation in the right hemisphere as compared to the left,
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demonstrating right-lateralised activation (Smith et al., 2017). Furthermore, they related
the fNIRS activation to task performance and found that better task performance was
associated with a greater increase in oxyhaemoglobin whilst worse task performance
was associated with higher deoxyhaemoglobin (a sign of deactivation). These findings
support a review paper by Diamond (2002) which found that fMRI data implicates the
DLPFC and VLPFC in inhibitory control tasks such as the Day-Night task and the Hand

Game task in children between the ages of 3-7 years.

Similarly, Mehnert et al. (2013) tested children aged 4-6 years (as well as adults)
on a GNG task whilst measuring brain activation using fNIRS. The analysis
demonstrated a strong increase in task-induced activation of a fronto-parietal network
during the No-Go trials as compared to the Go trials in adults. In children, this activity
was already high during Go trials, and the No-Go trials saw a sharp increase in
oxygenated haemoglobin in conjunction with a decrease in deoxygenated haemoglobin
— the canonical signal of increased neural activation. The researchers went on to review
the patterns of activation within the child group to see if there were any changes over
this time period (Mehnert et al., 2013). They found that the older children demonstrated
increased activation in the right frontal lobe and decreased activation within the left
frontal lobe as compared with the younger children in the sample. This finding supports
the idea that as the brain matures, it begins to lateralise many of its functions. Research
with adults and older children has demonstrated right lateralised brain activation during
GNG tasks (e.g. Durston et al., 2002’s fMRI study), whilst the infant literature typically
notes more bilateral patterns of activation (Wada & Davis, 1977). Over time then, the

brain demonstrates plasticity as it shifts from bilateral networks to lateralised ones
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through the process of maturation (Johnson, 1999). Given the rapid increase in
behavioural performance on inhibitory control tasks between the ages of 3-5 years, it
seems likely that this may coincide with anatomical changes occurring within the

prefrontal cortex over this period (Kolk & Rakic, 2022).

The evidence presented so far has shown that when children inhibit prepotent
response tendencies they seem to activate areas of the multiple demand network,
including the dIPFC and the IFG thought to be involved in domain-general processes of
inhibition. However, this does not account for the neural correlates of inhibiting
imitative response tendencies in young children. Given that young children’s
behavioural improvements on the Hand Game task are akin to those on non-imitative
inhibitory control tasks such as the Day-Night task, it also seems key to review the

neural correlates of the inhibition of imitative responses.

1.5.3 Neural correlates of inhibiting imitative responses

Unfortunately, the field of research surrounding the neural correlates of
inhibiting imitative responses in young children is far sparser than that of non-imitative
response tendencies. In fact, we have been able to identify just one study which involves
an assessment of young children’s neural activation when participating in the Hand
Game (Watson & Bell, 2013). Even then, it should be noted that the aim of the study
was to assess the contributions of language and temperament to 3-year-old’s task
performance, not to investigate the inhibition of imitative response tendencies. Using
EEG, the authors measured children’s neural activation while they performed different
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tasks, including the Day-Night task and the Hand Game. Behaviourally children scored
significantly better on the Hand Game than on the Day-Night task. When assessing
baseline-to-task changes in EEG power across the medial frontal scalp location, it was
found that EEG baseline-to-task changes were significantly predictive of performance

on the Hand game, but not on the Day-Night task (Watson and Bell, 2013).

However, as previously mentioned, while EEG is adequate for identifying broad
areas of activation, it lacks the spatial resolution to pinpoint more precise locations of
activation. Therefore, although Watson and Bell (2013) found that EEG activation over
the frontal cortex was predictive of performance on the Hand Game but not the Day-
Night task, it is not possible to know which specific areas of the brain were responsible
for these inhibitory processes. On the face of it, this study seems to suggest that different
neural mechanisms may be involved in the inhibitory processes for imitative and non-
Imitative responses in young children (Watson & Bell, 2013). But since one of the aims
of the current thesis is to contribute to the domain-general vs domain specific debate
regarding the inhibition of imitative responses, a neuroimaging method which provides
better spatial resolution is required. For this reason, we use fNIRS in Chapter Four to
compare the inhibition of imitative and non-imitative responses in four-year-old

children so as to better understand the neural mechanisms underlying these processes.
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1.6 Summary

In summary, inhibitory control is an important executive function, but one which
takes years to develop fully (Petersen et al., 2016). The development of inhibitory
control has therefore long been of interest to Psychologists and has resulted in a plethora
of inhibitory control tasks being created for use with developmental populations. Tasks
such as the Day-Night task (Gerstadt et al., 1994) and the GNG task (Dowsett &
Livesey, 2000) are popular choices for measuring young children’s ability to inhibit a
prepotent response tendency. One problem is that many variations of these core tasks
now exist, but control conditions are seldom used. Without the use of a control task,
one cannot be sure that different variations of these original tasks still provide a valid
measure of inhibitory control. Given the abundance of literature on the development of
inhibitory control across the preschool years, it seems vital to ensure that inhibitory
control tasks do indeed reliably test children’s ability to inhibit a prepotent response

tendency.

Imitation is another type of prepotent response which at times requires the use of
inhibitory control but is commonly overlooked in the developmental literature. Findings
from the adult literature have alluded to the inhibition of imitative responses being
different from the inhibition of other types of responses (Brass et al., 2003; 2005). Up
until that point, it was thought that inhibitory control was a domain-general function,
meaning that there is one mechanism underlying all types of inhibition. This brought

about a debate as to whether there is a domain-specific inhibitory network which helps
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to facilitate the inhibition of imitative responses. The evidence is mixed, leaving the

debate unresolved.

Thus far, there have been few studies that aimed to investigate the relationship
between inhibitory control and imitation inhibition in a developmental population.
Given that between the ages of 3-5 years we see a particularly accelerated period of
improvement on developmental inhibitory control tasks (Carlson & Moses, 2001,
Gerstadt et al., 1994; Simpson & Riggs, 2005a), this population may provide
particularly useful insights into this debate. This is because children of this age range
are not yet demonstrating ceiling levels of performance on inhibitory control tasks, and
so they produce a lot of variability in their accuracy. This allows researchers to
investigate correlations between neural activation and task performance. In addition,
young children have an underdeveloped prefrontal cortex, which could be the reason
that young children show a pervasive tendency to copy others’ actions (Horner &
whiten, 2005; McGuigan et al., 2007), as is seen in patients with echopraxia (Luria,
1966). It can therefore be argued that there is a strong case for contrasting the inhibition

of imitative and non-imitative response tendencies in young children.

Based on the literature reviewed within this chapter, the studies contained within

this thesis aim to answer the following key questions:

e QL: What is the best way to measure inhibitory control in young children?
e Q2: Is poorer inhibitory control in children related to a greater tendency to

copy others’ actions?
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e Q3: What are the neural mechanisms involved in inhibiting imitative
responses? Is the inhibition of imitative responses ‘special’ in that it involves
activation of the social brain network rather than the domain-general

inhibitory control network?

1.7 Overview of the present work

The aim of Chapter Two is to establish a good measure of inhibitory control in
young children, thus addressing research Q1. This chapter presents a new touchscreen
inhibitory control task based on the principles of the Grass-Snow task. It also aims to
test the suggestion/hypothesis that young children often perform poorly on inhibitory

control tasks because they lack the ability to remember the rules of the task.

Chapter Three focuses on the question: ‘Is poorer inhibitory control in children
related to a greater tendency to copy others’ actions?’. In this Chapter an existing data
set is used to examine whether there might be a relationship between inhibitory control
and imitative tendencies by investigating the relationship between 3-year-olds’

performance on two inhibitory control tasks and their tendency to overimitate.

To address the final research question: ‘What are the neural mechanisms
involved in inhibiting imitative responses? Is the inhibition of imitative responses
‘special’ in that it involves activation of the social brain network in addition to or rather
than the domain-general inhibitory control network?’, Chapter Four presents two final

studies. The first of these is an online study that aims to measure the developmental
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trajectories of the inhibition of imitative vs non-imitative response tendencies in
children aged 3-5 years. In this study, imitative tendencies are tested with a task based
on the Hand Game whilst non-imitative tendencies are tested using the task established
in Chapter Two, which is based on the principles of the Grass-Snow task. This study
was conducted online due to restrictions caused by the COVID-19 pandemic. In the
final study, fNIRS is used to investigate the neural correlates of the inhibition of
imitative and non-imitative response tendencies in 4-year-old children using the same

task.
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Chapter 2

Introducing a new touchscreen task
to measure Preschoolers’ inhibitory

control.
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2.1 Introduction

The aim of the current chapter is to identify what makes a good measure of
inhibitory control in young children. As discussed in section 1.2.1 (page 8), the
development of young children’s inhibitory control is most often measured using SRC
tasks (see Petersen et al., 2016 for a meta-analysis), which test their ability to achieve
rapid suppression of a goal-inappropriate, prepotent response. These tasks require
children to produce response A (e.g. say ‘day’) when they see stimulus b (a picture of a
moon), and response B (e.g. say ‘night’) when they see stimulus a (a picture of a sun).
The two possible responses “day” and “night” therefore become primed. When the
image of a sun is shown, the associated response ‘day’ is triggered. Inhibitory control
Is then needed to suppress the associated response, so that the goal appropriate response
(“night”) can be made. Using these tasks, it has been shown that inhibitory control
undergoes rapid development between the ages of 3 and 5 years, with younger children
showing particularly poor performance (Petersen et al., 2016).

There are four key “early studies” which have used SRC tasks to investigate
inhibitory control, two by Diamond and colleagues (Diamond et al., 2002; Gerstadt et
al., 1994) and two by Simpson and Riggs (2005a&b). These early studies used a control
condition to investigate whether poor performance on SRC tasks could be attributed to
the task’s memory demands, rather than their inhibitory demands. Since these early
studies, SRC tasks have been used in hundreds of published studies, but usually without

the control condition. Therefore, the claim that poor performance on all SRC tasks is a

43



consequence of young children’s weak inhibitory control - and not their inability to
remember the task rules - rests principally on these four early studies.

On the control condition, children were asked to make specific verbal responses
to two abstract pictures —e.g., say “CAT” to one abstract picture and “DOG” to another
(Simpson & Riggs, 2005a). This control condition required children to learn, maintain
and apply the task rules (see abstract picture 1 and say “CAT”; see abstract picture 2
and say “DOG”), in the same way as in the standard, inhibitory condition (see black and
say “WHITE”; see white and say “BLACK”). However, because no names are
associated with the abstract pictures, the inappropriate responses are triggered no more
than the appropriate responses, and so little inhibition is required to stop the
inappropriate responses from being made (Simpson & Carroll, 2019). Good
performance on the control condition, suggests that children can cope with the memory
demands of SRC tasks. Thus, poor performance on the inhibitory condition, alongside
good performance on the control condition, can be attributed to children’s inhibitory
weakness with some confidence.

Despite these early studies, there are two reasons to be cautious about assuming
that the memory demands of SRC tasks are necessarily always low, and that therefore
SRC tasks always provide a good measure of inhibitory control. First, in order for the
memory demands of SRC tasks to be low, children must not have to work too hard to
learn the task rules. If children struggle to learn these rules, then the memory demands
of the task become significant. Because of this, how these rules are taught is crucial.
We can be confident that children learnt the rules on the early studies since they

performed well on the control conditions. However, it is less clear how well children
44



learnt the rules in most subsequent research because the control conditions were not
administered (e.g., Carlson, 2005). Moreover, many studies provide limited or no
information about how the rules were actually taught (e.g. Kim et al., 2013). It is simply
assumed that children do learn the SRC task rules, and that subsequent performance
reflects the efficiency of their inhibitory control when trying to apply them. In
consequence, with most research using SRC tasks, there is some uncertainty about
whether children’s poor task performance solely reflects their inhibitory weakness or is
partially dependent on their difficulty with learning or remembering the task rules.
Indeed, there is some evidence that children find the task rules harder to learn when
certain combinations of stimuli and responses are used. For example, children may
struggle to learn rules when four different colours are used (e.g., see black say
“YELLOW?”, see white say “GREEN” — Simpson et al., 2005b); or when verbal
responses are made to verbal stimuli (e.g., hear moon say “SUN”, hear sun say
“MOON” — Simpson et al., 2013).

The second concern reflects a difference between the procedure used in the early
studies and most subsequent research. A feature of the early studies was the use of pre-
test exclusion criteria following the practice trials — something which was not generally
adopted in the majority of later research (e.g., Carlson, 2005; Kim et al., 2013). In the
early studies, children were given up to six practice trials, and did not proceed to the
test trials if they did not pass at least half of them. This removed many of the 3-year-
olds from these studies. These excluded children might have shown poor performance
on the control condition if they had been included in the sample — calling into doubt

whether their poor performance on the standard inhibitory condition was due to their
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weak inhibitory control. By not adopting these exclusion criteria, subsequent research
may have included data from children who would have shown poor performance on the
control condition if they had completed it. This implies that, we cannot be sure that
young children’s performance on SRC tasks only reflects their inhibitory capacity rather

than their memory capacity or a combination of both.

The current study

In the current study, we sought to investigate children’s performance on a new
SRC task called the “Touchscreen Inhibitory Control” (TIC) task. In this Grass-Snow-
like task (Simpson & Riggs, 2009), rule learning was incorporated into a touchscreen
task. Children watched a video of the experimenter explaining the task rules on the
touchscreen, and then took part in practice trials, in which video feedback on their
accuracy was given. By incorporating rule learning into the programme-run task, we
aimed to create a task in which rule learning could be known to be consistent (rather
than depending on the teaching procedure adopted by each experimenter). Children
were asked to touch one of two pictures at the bottom of the screen in response to verbal
cues spoken by the experimenter in the video. For example, when they heard the
experimenter say ‘car’, children were instructed to touch the picture of the boat instead
of the picture of the car (Figure 2.1). In contrast to the early studies, no children were
excluded from the sample based on their inability to pass a pre-test. Thus, we aimed to
test all children, and not exclude those who might have difficulty learning the rules.

Previous research into the efficacy of interactive on-screen teaching has produced

mixed results, particularly with young children (e.g., Baydar et al., 2008; Kostyrka-
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Allchorne etal., 2019a; Linebarger et al., 2004; Rei3 et al., 2019). At present, the factors
which make interactive on-screen teaching effective are poorly understood. In the
current study, by administering a control condition, we could directly test whether our
on-screen training was effective. If children were able to learn the task rules, then we
would expect accuracy on the control condition to be high.

Like the early studies, we measured children’s reaction time as well as their
accuracy (most research only measures accuracy). It has been suggested that reaction
time may be a better measure of inhibitory control in older children (i.e., five years and
over), once accuracy reaches ceiling performance (Diamond et al., 2007; Diamond &
Kirkham, 2005). We also manipulated whether or not children received feedback on
each of the test trials (all participants received feedback on practice trials). This allowed
us to investigate whether feedback helps children to remember the task rules and so
provide a more accurate measure of inhibitory control, especially younger children who
may struggle with the task’s memory demands.

The current study tested 3- to 5-year-olds, and used a mixed design, with
inhibitory demands and test-trial feedback as the independent variables. This produced
four conditions: Inhibition with feedback, Inhibition without feedback, Control with
feedback and Control without feedback. We aimed to answer the following three
questions. First, and most importantly, would performance on the control conditions be
high even in young children? This would suggest the interactive on-screen teaching
used in the TIC task was effective, and that performance on the inhibition conditions
was providing a pure measure of inhibitory control. Second, would accuracy or reaction

time provide the most sensitive measure of inhibitory control in an SRC task with or
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without test-trial feedback? That is, which measure accounts for the greatest proportion
of variance in performance between inhibitory and control conditions? And finally,
what would these data tell us about the validity of previous research that has used SRC

tasks to measure inhibitory control in young children?

2.2 Method

2.2.1 Participants

A total of 127 participants were recruited from preschools and primary schools
around North Essex and East Suffolk. Of these participants, 97 (43 females) provided
sufficient data to be included in the final analyses with an age range between 36 months
and 72 months, and a mean age of 53 months (4 years, 5 months; standard deviation =
9.2 months). Details of the exclusions are provided in section 2.2.4.

A number of statistical analyses were planned, including correlation. Thus, to
ensure that the sample size was large enough to be well-powered for all planned
statistical analyses we based the power calculations on an assumption of at least 80%
power to detect a medium size correlation (r=.3, alpha=.05) using G*Power (Faul et al.,
2009). This determined a required sample size of at least N=84. Participants were
predominantly white, but of mixed SES. Ethical approval was gained from the Ethical
Committee at the University of Essex, and every child returned a consent form which

was signed and dated by their parent/guardian prior to data collection.
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2.2.2 Materials

The TIC task was coded in Inquisit 5 (Inquisit 5, 2016) and displayed to
participants on a 13” screen Dell touchscreen laptop. The task instructions were
provided in video clips which were displayed centrally in the upper half of the screen.
In the inhibitory conditions, a video of the experimenter saying a cue word (e.g., “boat”)
was displayed in the same location as the previous task instruction video. At the same
time, a pair of visual stimuli were presented side-by-side beneath the cue video; one
Image of a boat and one image of a car. The control conditions also displayed a video
of the experimenter saying a cue word (e.g., “boy”), whilst a different pair of visual
stimuli were presented side-by-side beneath the cue video. This pair of images was
‘abstract’, consisting of differently coloured shapes layered on top of one another (see

Figure 2.1).
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Figure 2.1

Figure to show an example of the teaching of the rules for both conditions.

—
— =

Note: The figure on the left depicts the control conditions whilst the figure on the right
depicts the inhibitory conditions. These screenshots are taken during the instruction
video in which the experimenter is saying “when I say boy, you point to this picture”
during the control conditions, and “when I say car, you point to this picture” during the

inhibitory conditions.

2.2.3 Procedures

Participants were tested at their schools or pre-schools individually in either a
quieter area within the classroom or in a close-by room. The four conditions were
administered across two sessions on different days with two conditions per session.
Most sessions were exactly 1-week apart. The order of the conditions was
counterbalanced but ensured that children would do one inhibitory condition and one
control condition per session and that they were both either Feedback conditions, or
both No-feedback conditions within each session. This resulted in four different

possible condition orders.
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At the beginning of the session, the experimenter introduced themselves to the
child, accompanied the child to the testing area and asked the child if they would like
to play a “silly game” on the touchpad. The experimenter then asked the child, “Shall
we find out what we need to do in this game then?”” and loaded the appropriate version
of the task on the touchpad. The task instructions were explained in a video that was
presented in the top half of the screen while the two stimuli for that condition were
displayed side-by-side beneath it (see Figure 1). In the video, the experimenter
explained the task instructions for that condition. For instance, in the inhibition
conditions, the on-screen experimenter said: “We are going to be playing a silly game.
In this game you need to listen to the word | say, and then touch to the right picture.
When I say “car”, you touch to this picture [points to the picture of the boat beneath],
and when I say “boat”, you touch to this picture [points to the picture of the car
beneath].”

After the instruction video was played, the experimenter then asked the participant
to tap the picture they would need to touch for each of the two verbal cues. For example,
in the inhibitory conditions the experimenter would ask “If she says “boat”, which
picture do you need to touch?” and “If she says “car”, which picture do you need to
touch?”. If the participant responded to either of the questions incorrectly, they were
reminded of the correct response for that cue, and the experimenter replayed the
instruction video again. If they responded correctly to both, the experimenter would
move the task on to the pre-test practice trials by tapping on a small arrow in the bottom

corner of the touchscreen.

51



Each condition started with four pre-test practice trials. On all pre-test trials,
regardless of condition, participants were provided with pre-recorded verbal accuracy
feedback, for both correct and incorrect responses immediately, following each
response. For correct responses, the touchpad displayed a video of the researcher
saying: “Well done, you touched the right picture!”. For incorrect or no responses
(maximum length of a trial was 8 seconds), the video corrected them: “Remember, when
I say “boat”, touch this picture [the on-screen experimenter points to the car]”).
Following the feedback video there was an inter-trial interval of two seconds during
which a blank white screen was displayed. The purpose of the pre-test trials was not to
exclude children who performed poorly, but to ensure that children were helped to get
a good understanding of the task rules before beginning the experimental trials. After
the pre-test trials, participants went on to complete 16 experimental trials. The
experimental trials were presented in a random order, and each stimulus was presented
an equal number of times (eight times each). In the No Feedback conditions, no
accuracy feedback videos were provided during the experimental trials. So, the blank
inter-trial interval screen was displayed either as soon as participants made a response
(correct or not), or once the eight seconds had passed. Each test session (comprising of

two conditions) took children roughly 15-20 minutes to complete.

2.2.4 Data Analysis
Accuracy and Reaction Time (RT) scores were recorded by the Inquisit
programme. Accuracy was recorded as [1] for a correct response and [0] for an incorrect

response, whilst non-responses were marked as [.] and were excluded. RT was recorded
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in milliseconds (ms). Accuracy scores and RTs were each averaged to give a mean
accuracy score per participant, per condition and a mean RT score per participant, per
condition. For the age analysis, children were divided into three age groups: 3 years 0
months to 3 years 11 months (n=29); 4 years 0 months to 4 years 11 months (n=41) and
5 years 0 months to 5 years 11 months (n=27).

Exclusions

RT scores were averaged for each condition. Any individual trials which exceeded
2SD above the mean RT score for that condition were excluded from the analyses, since
this suggests that children were not engaging with the task. Additionally, trials in which
the RT was less than 300ms were also excluded since this is suggestive of indiscriminate
responding, (i.e. tapping continuously or still having their hand on the screen from the
previous trial).

Since RT data was only included for correct responses, RT data were only
included if participants had responded correctly on at least three trials per condition.
This is because without accurate responses, the reaction times are not meaningful. In
addition, since all data on four conditions was required for each participant in order to
conduct the repeated measures ANOVA, any children who failed to complete all four
conditions were excluded from the final sample. Due to COVID-19 and the sudden
implementation of the lockdown in March 2020, there were 30 participants who had
been tested on session 1 but were not able to be tested again for session 2. Thus, these
participants were excluded from the final sample due to having incomplete data sets.
There were no additional instances (e.g. sickness or non-compliance) in which children

were unable to complete all four conditions.
53



2.3 Results

2.3.1 Accuracy

Accuracy on the four conditions per age group is shown in Figure 2.2. The data
were analysed using a mixed ANOVA with Inhibitory demands (Inhibition, Control)
and Test-trial feedback (With, Without) as within-subject factors and age (3, 4, and 5-
year-olds) as a between-subjects factor. There were main effects for Inhibitory
demands, F(1,94)=71.817, p<.001, #»?,=.433, Test-trial feedback, F(1,94) =5.838,
p=.018, #%=.058, and age F(2,94)=33.194, p<.001, #%=.414. These main effects
demonstrate that children were less accurate on the inhibitory conditions than the
control conditions, that they had better accuracy when provided with test-trial feedback
and that children’s accuracy scores improved with age.

There was a significant interaction between Inhibitory demands and Test-trial
feedback, F(1,94) = 6.414, p=.013, #%,=.064 and Inhibitory demands and Age F(2,94)
= 35.113, p= <.001, #%,=.428 but no interaction between Test-trial feedback and Age
F(2,94) = 1.983, p= .143, 5%=.040. Follow-up t-tests showed that feedback improved
accuracy in the Inhibition condition, t(96)=2.552, p=.012 but had no effect in the
Control condition, t(96)=-.124, p=.901.

Additionally, there was a significant interaction between Age and Inhibitory
Demands F(2,94)=35.116, p<.001, #%=.428 (see Figure 2.3 for a scatterplot of the
relationship between Age and Accuracy scores per condition). To investigate this
interaction, the repeated measures analysis was repeated for each of the age groups.

This showed that the effect of Inhibitory Demands (worse performance in Inhibition vs.
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Control) was significant in all age groups (3-year-olds F(1,28)=59.023, p<.001,
n%=.678; 4-year-olds F(1,40)=6.859, p=.012, #%=.146; 5-year-olds F(1,26)=6.288,

p=.019, #2,=.195).

Figure 2.2

Mean accuracy scores for each age group per condition.
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Note. Error bars show Standard error of the mean.

Nevertheless, as can be seen in Figure 2.2, the difference was smaller in the older
groups. These follow-up analyses furthermore showed that the effects of Test-trial
Feedback and the interaction between Inhibitory Demands and Test-trial Feedback were
only significant in 3-year-olds: Test-trial Feedback F(1,28)=5.059, p=.033, #?%=.153;

interaction between Inhibitory Demands and Test-trial Feedback, F(1,28)=5.552,
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p=.026, 5%,=.165. These effects were not significant in 4-year-olds: Test-trial Feedback
F(1,40)=.267, p=.609, #%=.007; interaction between Inhibitory Demands and Test-trial
Feedback F(1,40)=1.252, p=.270, 5%,=.030). Nor were they significant in 5-year-olds:
Test-trial Feedback F(1,26)=2.180, p=.152, #%=.077; interaction between Inhibitory

Demands and Test-trial Feedback F(1,26)=.172, p=.682, 5%,=.007).
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Figure 2.3

Scatterplot showing the relationship between accuracy and age.
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According to Petersen and colleagues’ (2016) suggestion that the useful range of
an SRC task is determined by performance levels between 20% and 80%, our TIC task
demonstrated a useful age range of 28 to 56 months. Figure 2.4 shows the useful age
range of the TIC task in comparison to other similar SRC tasks assessed in the review

paper (Petersen et al., 2016).

Figure 2.4
The useful range of the TIC task in comparison to other SRC tasks.
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2.3.2 Reaction Times

Reaction time analysis was conducted on correct responses only. For each
condition, data were only included if participants had responded correctly on at least
three trials of that condition, so that an estimate of their reaction times could be made.

Mean reaction times on the four conditions are shown in Figure 2.5.

Figure 2.5

Mean reaction time scores for each age group per condition.
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The data were analysed using a mixed ANOVA with Inhibitory demands
(Inhibition, Control) and Test-trial feedback (With, Without) as within-subject factors
and Age as a between-subjects factor. There were main effects for Inhibitory demands,
F(1,82)=91.676, p<.001, #5%=.528, Test-trial feedback, F(1,82)=35.977, p<.001,
n%p=.305 and Age F(2,82)=17.267, p<.001, 5%=.296. These main effects demonstrate
that children had slower reaction times on the inhibitory conditions than the control
conditions, that they had slower reaction times when provided with test-trial feedback
(see Figure 2.5) and that children’s reaction times improved with age.

There was a significant interaction between Age and Inhibitory demands
F(2,82)=9.132, p<.001, n%=.182, but not between Age and Test-trial feedback
F(2,82)=.943, p=.394, n%=.022, or Inhibitory demands and Test-trial feedback
F(1,82)=0.046, p=.831, #%,=.001.

To investigate the effect of Age on children’s RT scores for Inhibitory Demands
(Inhibition vs. Control), the mixed ANOVA was repeated for correct reaction times for
each age group. This showed that the effect of Inhibitory demands (Inhibition vs.
Control) was significant in all age groups (3-year-olds F(1,18)=21.689, p<.001,
n%p=.546; 4-year-olds F(1,38)=53.996, p<.001, #%,=.587; 5-year-olds F(1,26)=23.447,
p<.001, %y=.474). This demonstrates that whilst reaction times decreased with age, they
did so more on the Inhibitory conditions than the Control conditions (see Figure 2.6).
That is, the difference between reaction time on the Inhibition and Control conditions

became smaller as the age increased.
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Figure 2.6

Scatterplot showing the relationship between reaction time and age.
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2.3.3 Order effects

Given that the same stimuli were used in the feedback vs no feedback conditions,
we tested to see whether any carryover effects of feedback were present. This was a
concern because children may have performed better on the Inhibitory without
Feedback condition if they had already received additional feedback in the Inhibitory
with Feedback condition in the previous testing session. The analysis showed that the
order in which the conditions were presented had no significant main effect on

children’s accuracy scores F(3,93)=1.73, p=.166, 5%=.053).

2.3.4 Comparing accuracy and reaction times

Analysis of the relationship between the two measures of inhibitory performance
(accuracy and reaction time) is shown in Table 2.1 — both with and without age
partialling. This shows a significant negative correlation between accuracy and reaction
time on the inhibitory with feedback condition, r(92)=-.402, p<.001, and also on the
inhibition without feedback condition, r(86)=-.624, p<.001. These correlations
remained significant when age was partialled out in the inhibition without feedback
condition r(82)=-.443, p<.001, but not in the inhibition with feedback condition, r(82)=-

080, p=.470.
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Table 2.1

Correlations and age-partialled correlations between the two measures of inhibitory

performance.
Inhibition with  Inhibition without Inhibition with  Inhibition without
feedback (AC) feedback (AC) feedback (RT) feedback (RT)
Age 594** 582** -507** -.523**
Inhibition with .820** -.402** -.607**
feedback (AC)
Inhibition without -.385** -.624***
feedback (AC)
Inhibition with 529***
feedback (RT)
Age-partialled correlations
Inhibition with 616 -.080 -394
feedback (AC)
Inhibition without -.096 -.443
feedback (AC)
Inhibition with .365
feedback (RT)

Note. AC = accuracy, RT = reaction times for correct responses only.

Note. Asterisks are used to denote the p values as follows: ** <.01 ***<.001.

2.4 Discussion

This chapter aimed to identify what makes a good measure of inhibitory control
in young children. Performance was compared on four versions of the TIC task:
Inhibition with feedback, Inhibition without feedback, Control with feedback and
Control without feedback. Accuracy was lower and reaction times were longer on the
Inhibition conditions than the Control conditions. These differences were smaller in
older children. Test-trial feedback produced slightly higher accuracy, but only on the
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Inhibition condition. Reaction times were also longer on both feedback conditions
(Inhibition and Control). Accuracy and reaction times were negatively correlated on the
Inhibition conditions, even after controlling for age, meaning that children who
performed more accurately also tended to do so faster than their peers.

We sought to answer three questions. Firstly, and most importantly, we asked
whether children could learn the task rules from the interactive on-screen teaching used
in this task. Mean accuracy was about 95% on both control conditions. There was no
evidence that accuracy was lower in younger children. So, the data suggests that even
the youngest children tested (36-month-olds) were able to learn, remember, and use the
TIC task rules. Thus, performance on the two Control conditions shows that the
interactive on-screen teaching used in the TIC task was highly effective for children
aged between three and five years. This is helpful for us because in Chapter Four we
were then able to use a similar version of this task in an online study due to COVID-19.

Secondly, the current study also investigated whether accuracy or reaction time
provides the best measure of children’s inhibitory control. Both these performance
measures were effective. The inhibition variable was uniquely responsible for 43% of
variance in accuracy, and 53% of variance in reaction time (comparing Inhibition to
Control conditions — partial eta-squared from the mixed ANOVASs). As to which
measure is better, following the proposal of Diamond and colleagues (Diamond et al.,
2007; Diamond & Kirkham, 2005), we suggest that this depends on the age of the
children tested. In a younger sample, under 4% years of age, accuracy provides a
sensitive measure of children’s inhibitory control. The inhibition variable uniquely

accounted for 52% of variance in accuracy for the younger half of our sample (based
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on a median-split of the sample and partial eta squared). In contrast, some young
children produced insufficient correct responses to provide an estimate of their reaction
time on a condition. 21 of 192 conditions, collected from the younger half of the sample,
failed to produce a measure of reaction time (that is produce at least three correct
responses on a condition). So, for a younger sample (under 4% years), accuracy is likely
to provide the best measure of inhibitory control.

In the older sample (over 4% years, the pattern of results was different. For these
children, the effect size for accuracy was smaller because of ceiling effects (11% for
the older half of our sample); while older children always produced sufficient correct
responses to provide an estimate of reaction time (all 196 conditions). So, for an older
sample, reaction time is likely to provide the best measure of inhibitory control in this
task. Having said this, RT analyses can often be more difficult than accuracy analyses,
and in some cases may not always be reliable. For instance, we found that the touchpad
did not always register touch on the first attempt (e.g. if the child tapped with a
fingernail or tried to tap too early). Some researchers have gotten around this by video
recording the testing sessions and recoding any incorrect response times (e.g. Holmboe
etal., 2021). However, in a later, online version of this task (discussed in Chapter Four)
we tried to code RT data from video footage but found that the footage was too
unreliable due to lagging and internet connection issues. Thus, in circumstances such
as these, RT data does not always provide a good measure of inhibitory control.

The current chapter also investigated whether the use of test-trial feedback would
improve our measure of children’s inhibitory control. This could have been the case if

giving feedback helped children to remember and apply the task rules. However,
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accuracy was at ceiling on the Control condition without feedback, suggesting that
children had no difficulty remembering and applying the task rules. So, the addition of
feedback could not further reduce the task’s memory demands. Nevertheless, accuracy
was a little higher on the Inhibition with feedback condition than on the Inhibition
without feedback condition (about 5%). One plausible explanation for this relates to the
speed of responding in this condition. Children responded about 400ms slower on the
Inhibition with feedback condition than on the Inhibition without feedback condition.
It is possible that the slower responding reduced the task’s inhibitory demands — this
has been observed with other SRC tasks (Carroll et al., 2021; Diamond et al., 2002;
Ling et al, 2016; Montgomery & Fosco, 2012). It could be that the slower pace of the
TIC task when feedback was given on each trial, encouraged children to respond more
slowly themselves, and that this in turn reduced the task’s inhibitory demands
(Kostyrka-Allchorne et al., 2017, 2019b). If this is the case, it would suggest that the
task is best administered without feedback when trying to measure inhibitory control.
Children’s inhibitory control is best measured with a task that taxes this cognitive
process as much as possible. Whether or not it is the case that the inhibitory demands
of the TIC task are higher without feedback, we certainly obtained no evidence that
providing feedback made the TIC task a better measure of inhibitory control. For this
reason, we drop the use of the Feedback conditions when using this task again in both
studies within Chapter Four.

Third, we turn to the implications of the current study to the validity of previous
research that has used SRC task accuracy to measure children’s inhibitory control. The

early studies (Diamond et al., 2002; Gerstadt et al., 1994; Simpson & Riggs, 2005a&Db),
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which used control conditions, suggested that children were able to learn, remember
and apply SRC task rules effectively. This in turn suggested that Inhibition condition
accuracy was an effective measure of inhibitory control. The current findings support
that conclusion: children again performed very well on our control conditions. This re-
enforces the assertion that measuring SRC task accuracy can provide an effective way
to assess the inhibitory control of young children. Although, of course, we cannot be
sure that SRC tasks always have low memory demands, irrespective of how the task is
conducted or the sample that is tested.

In conclusion, the current data provide strong evidence that the interactive on-
screen teaching used in the TIC task is highly effective. Our data also support the
assertion that measuring accuracy on SRC tasks provides an effective estimate of
children’s inhibitory control, which is very encouraging, given that we want to use this
task to make comparisons with the inhibition of imitative responses, as is seen in

Chapter Four.
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Chapter 3

Investigating the relationship between
inhibitory control and overimitation in 3-

year-olds.
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3.1 Introduction

Children are prolific imitators (Lyons et al., 2007; McGuigan et al., 2011; Want
& Harris, 2002; Wood et al., 2013) and it has been suggested that imitation plays a
pivotal role in human development, including in the acquisition of motor,
communicative, and social skills (Meltzoff, 1988; Piaget, 1945; Tomasello et al., 1993).
In addition, imitation serves a social function as it aids in building rapport, cooperation,
and affiliative attitudes between individuals (Chartrand & Lakin, 2013). However, there
may also be situations in which children’s tendency to imitate others’ actions makes
them less efficient in the completion of goal-directed tasks. Indeed, their pervasive
tendency to copy others’ actions sometimes makes them copy the actions of others with
high fidelity even when they may seem unnecessary; a phenomenon known as

‘overimitation’ (Lyons et al., 2007).

Overimitation was first observed in young children when Horner and Whiten
(2005) presented 3- and 4-year-olds with two puzzle boxes: one opaque and one clear.
Children observed an adult model demonstrating a sequence of actions using a tool to
retrieve a reward from the box. During this sequence, some of the actions would be
causally irrelevant to the model’s goal (i.e. inserting the tool into a hole in the top of the
box which was not connected to the compartment containing the reward). In the opaque
condition, it was not obvious that inserting the tool into the hole in the top of the box
was causally irrelevant to achieve the goal. However, in the clear box, the compartments
within the box were visible, so children had the opportunity to infer that inserting the

tool into the top hole would not be necessary to achieve the goal. The authors found that
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children reproduced both the irrelevant and relevant actions, irrespective of whether the

box was opaque or clear (Horner & Whiten, 2005).

In contrast, when the same task was presented to chimpanzees, they reproduced
the causally irrelevant actions in the opaque condition but not in the clear condition
(Horner & Whiten, 2005). This study therefore suggests that whilst children
demonstrated imitation by following the actions of the model exactly, the chimpanzees
instead used emulation (i.e. they understood that the meaning of the task was to retrieve
the reward, and therefore only copied the necessary actions to achieve this). In this way,
children’s robust use of imitation came at the expense of efficiency. Horner and
Whiten’s (2005) seminal study instigated numerous theories as to why overimitation
occurs and whether it might actually serve a useful function in aiding children’s
development. In this chapter we will first briefly discuss the most prominent existing
theories of overimitation and will then put forward a theory of our own that suggests
that poor inhibitory control could also explain the higher occurrence of overimitative

tendencies in young children.

The causal theory suggests that overimitation is driven by failures in causal
encoding (Lyons et al., 2007, 2011). This theory proposes that children overimitate
because they lack causal understanding of the task (i.e. they are unable to tell that some
of the actions are unnecessary and so they copy them all). Indeed, studies have shown
that when the box design is more complex (e.g. contains mechanical mechanisms such
as flaps, handles and doors), overimitation is more prominent (Burdett et al., 2018).

Additionally, Hoehl and colleagues (2014) found that children were less likely to
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overimitate if the irrelevant action was not directly associated with the container itself
(i.e., clapping their hands) than irrelevant actions that were associated with the container
(i.e. tapping on the container lid). This suggests that whilst children seem to understand
that any actions that are not interactive with the box do not have an effect on their ability
to open it, they are less sure about the relevance of the actions that are interactive with
the box. The evidence that children overimitate with higher frequency when it is
ambiguous as to the causally relevant or irrelevant actions therefore provides support
for the causal theory of overimitation. In this way, children seem to automatically
encode all intentional actions conducted by the model as being necessary to achieve the

goal (Lyons et al., 2007, 2011).

However, there are circumstances in which children continue to demonstrate
high overimitative tendencies, even when presented with an experimenter who performs
unnecessary actions (e.g. tapping the lid) on a simplistic and familiar transparent box
before retrieving the toy (i.e. a Tupperware box rather than a novel container, with no
ambiguous mechanisms; Marsh et al., 2019). Therefore, the affiliative theory of
overimitation suggests that, rather than being driven by poor causal reasoning,
overimitation functions as a social signal that conveys a willingness to interact (Nielsen,
2006; Nielsen et al., 2008; Over & Carpenter, 2009; Tomasello et al., 2005; Uzgiris,
1981). For instance, infants aged 14- to 16-months-old have been shown to overimitate
more frequently when the adult model actively engages with them before demonstrating
the sequence of actions (Brugger et al., 2007). This adult engagement is therefore likely
to increase the child’s affiliation to the model. A similar effect can be observed with

older children (aged 4+ years) who demonstrate overimitative tendencies more
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frequently when being observed participating in the task by the adult model than when
the adult model is either turned away and ‘distracted’ (Marsh et al., 2019) or leaves the
room entirely (Nielsen & Blank, 2011). It has been suggested that perhaps children may
still hold the belief that even if the model is not observing them, their behaviour might
still be monitored (i.e. through the cameras which are recording the sessions) (Marsh et
al., 2019). However, a study by McGuigan et al. (2007) found that some 5-year-olds
overimitate even when the model’s actions are delivered via pre-recorded video footage
rather than live, suggesting that perhaps appeasing the model might not be the only

motivation underlying children’s overimitative tendencies.

A third prominent theory put forward to explain the mechanisms underlying
overimitation is the normative theory. Kenward et al. (2011) proposed that
overimitation might be a result of children perceiving the causally irrelevant action(s)
as a social norm which must be followed. After watching a model demonstrate both an
unnecessary action and a necessary action to get a marble out of a container, 5-year-old
children were asked to describe the actions they planned on taking when it was their
turn (Kenward et al., 2011). Despite 90% of children reporting that they knew the
unnecessary action was not conducive to achieving the goal, the majority of children
still intended to perform it anyway but stated that they were unsure why they would do
so. This implies that children believed that they should perform the irrelevant action,
despite understanding that it was causally unnecessary. In another study (Keupp et al.,
2013), 5-year-old children watched an adult model performing a sequence of actions
including an irrelevant action, and then watched a puppet perform the same sequence

but with the omission of the irrelevant action. Not only did children demonstrate high
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levels of overimitation (despite having witnessed a more efficient demonstration which
did not include the irrelevant action), but many actually protested about the puppet
performing the sequence ‘incorrectly’. Taken together, these studies provide evidence
to support the normative theory of overimitation, suggesting that children perceive the
intentional actions of the adult model as a behaviour that they are expected to replicate,
even when more efficient options are available (Kenward et al., 2011; Keupp et al.,

2013).

The normative and affiliative theories of overimitation share some similarities in
that they both emphasise the social nature of the interactions. There are, nevertheless,
some important differences. The affiliative theory is associated with the participant
performing the unnecessary action in order to please the model, whilst the normative
theory suggests that the participant interprets the unnecessary action as a behaviour that
ought to be adhered to (even when its purpose is unclear). In other words, the model
has set the parameters for what is socially acceptable in this latter scenario, and not
conforming to these would violate social norms. The normative theory therefore could
account for instances in which children continue to overimitate despite the adult model

not being present (Nielsen & Blank, 2011).

We propose in this study that there may be another potential explanation for
overimitation which has so far been overlooked. At the neural level, observing another’s
action automatically activates the corresponding motor representations in the brain of
the observer (Decety, 1997; Grezes et al., 1998; lacoboni et al., 1999; Nishitani & Hari,

2002 — See section 1.3.1 in Chapter 1 for a detailed explanation). This automatic
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activation of the motor cortex during action observation has been suggested to result in
imitation being a prepotent response tendency (Wang & Hamilton, 2012). Thus, to
prevent the activation of a motor representation from becoming an action outcome,
some inhibition may be required to refrain from imitating when it is inappropriate to do
so. Indeed, given the evidence, children appear to be selective about the situations in
which they overimitate (e.g. imitating more when the container is opaque (Horner &
Whiten, 2005), or imitating less when they have previously observed a more effective
strategy (Schleihauf et al., 2018)). This suggests that some individuals are better able to
utilise their inhibitory control to adapt to situations in which overimitation may be very
inefficient or even maladaptive. We therefore propose that inhibitory control may be
another factor influencing the occurrence of overimitation which has previously been

overlooked.

Given the prepotency of imitative tendencies, the current study aims to explore
whether there could be an association between children’s inhibitory control and their
tendency to overimitate. Despite the fact that both overimitative tendencies and
inhibitory control have been shown to increase with age (McGuigan et al., 2007;
Nielsen, 2006; Whiten & Custance, 1996), we propose that at a fixed point in time,
those who overimitate more may do so because they find it difficult to inhibit copying
the observed actions. Evidence to support this idea can be found in the autism literature.
Autistic children not only demonstrate significantly lower overimitative tendencies than
neurotypical children (Marsh et al., 2013; Vivanti et al., 2017) but they also demonstrate

much better inhibitory control (Uzefovsky et al., 2016). However, thus far, no studies
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have directly investigated the role of inhibitory control in children’s tendency to

overimitate.

In the current study, we use a pre-existing data set to investigate whether there
Is an association between 3-year-olds’ performance on an overimitation task based on
Marsh et al., (2019) and two different inhibitory control tasks — a Go/No-Go task
(Howard & Melhuish, 2017) and a recently developed SRC task: the Early Childhood
Inhibitory Touchscreen Task (ECITT; Holmboe et al., 2021). In the overimitation task,
the experimenter demonstrated a series of actions (one unnecessary action and two
necessary ones) to retrieve a toy from a simple transparent container, such that it was
obvious that the unnecessary action was causally irrelevant. One of the key aims of the
original study (Marsh et al., 2019) was to look for an audience effect and the dataset
that was used here, came from a study that aimed to replicate this finding. As such, two
conditions were employed in the overimitation task: direct gaze (where the
experimenter would either observe the child open the container) and averted gaze
(where the experimenter would turn away whilst the child opened the container). These
conditions are not directly relevant to the current study but are reported in the methods

section since they are part of the data set being analysed.

Children were scored on whether they imitated the unnecessary action.
Overimitation scores were correlated with children’s scores on a Go/No-go (GNG) task,
in which children were asked to tap the screen when they saw a fish (80% of trials), and
to refrain from tapping when they saw a shark (20% of trials) (Howard & Melhuish,

2017). Due to the GNG task design, it was only possible to measure inhibitory control
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on the No-go trials, which were far less frequent. In addition, reaction time could not
be compared between trials requiring inhibition and trials not requiring inhibition, since
the No-go trials required children to inhibit a response entirely, and thus measuring
reaction time was not possible. For this reason, we also correlated children’s
overimitation scores with their scores on a second inhibitory control task: the ECITT
(Holmboe et al., 2021). In this touch screen task, the same children were required to
press one of two buttons on the screen depending on which one had a ‘smiley’ face on
it. The smiley appeared in one location more frequently than the other (75% of trials)
to build a prepotent response for the favoured location. Given that the ECITT required
children to make a response for every single trial, it gave us the ability to compare the
reaction times for trials requiring inhibition against trials not requiring inhibition.
Reaction time scores provide greater variability than accuracy scores alone, perhaps
providing a more suitable measure of inhibitory control to correlate with overimitation

scores than is possible with the Go/No-go (GNG) task.

We hypothesised that 3-year-olds who perform better on the inhibitory control
tasks (GNG task and the ECITT) would be less likely to demonstrate overimitative
tendencies (i.e. they would be better able to inhibit the tendency to replicate unnecessary
actions to achieve an action goal). Thus, we predicted that there would be a negative
relationship between inhibitory control and overimitation. In this way, we therefore
predicted a negative correlation between children’ performance on the GNG task and
their scores on the overimitation task, but a positive correlation between children’s

performance on the ECITT and their scores on the overimitation task. This is because
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the ECITT is reverse coded which results in a higher ECITT score being indicative of

poorer inhibition (this is described in further detail in section 3.2.4).

3.2 Method

3.2.1 Participants

All children in the study were aged around 3 at the time of testing (with a range
of 35 to 40 months). The data set was collected in 2017-2018 at Birkbeck College,
University of London as part of a longitudinal study in which children completed a
battery of tasks. Parental consent was given prior to data collection. The sample size
was pre-determined by the data set already collected (this data was analysed during the
COVID-19 pandemic when it was not possible to collect new data to investigate the
relationship between inhibitory control and overimitation). In total, valid data were
obtained from 47 children on the overimitation task, 40 children on the Go/No-go
(GNG) task and 45 children on the ECITT. Out of these, 39 participants (female N=21)
had valid data on both the overimitation task and the GNG task and 44 participants
(female N=23) had valid data on both the overimitation task and the ECITT, allowing

for the two correlations to be conducted.
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3.2.2 Overimitation Task

Overimitation Stimuli

A total of six different transparent containers were used, each with removable
lids and no hidden mechanisms. These included a tall, upright, transparent container
with a green silicon seal and a lip on one side for easy opening; a transparent rectangular
Tupperware box with a lick-lock on each side; a round, transparent saucepan-like
container with a long handle and a lid which sat on the top secured with an elasticated
band; a transparent drinking bottle with a screw-top lid, a similar but smaller transparent
drinking bottle with a screw-top lid, and a transparent jug with a handle and a blue push-

in lid. The toys included a car, a frog, two different balls, a man and a crab respectively.

Overimitation Procedure

Three cameras recorded the session, one angled on the child, one angled on the
experimenter and one angled to capture both the child and the experimenter. During the
experiment, children were sat on their parent’s lap at a table opposite the experimenter.
Children were presented with four different transparent containers in turn, each with a
toy inside. Each toy was always placed in the same container each time, and the
containers were always presented in the same order. The experimenter placed the first
container on the table (a tall, upright, transparent container with a green silicon seal and
a lip on one side for easy opening). The experimenter said to the child: “I have a car in
this box. I’m going to show you how to get the car out of the box, and then it’s going to
be your turn. Can you watch carefully?”. The experimenter then demonstrated a
sequence of three actions to open the container and remove the toy. Of the three actions,
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two were always necessary and the other was always unnecessary. For instance, the
experimenter would turn the container the right way up, tap on the lid of the container
three times and take the lid off to get to the toy. After demonstrating the procedure, the
experimenter then reset the container under the table out of the child’s view before
placing it back on the table and instructing the child “When I say ‘go’, I would like you
to get the car out of the box as quickly as you can.” The instructions were the same for
each of the four containers (“when I say ‘go’, I would like you to get the [toy] out of
the box as quickly as you can”). In the direct gaze conditions, the experimenter would
remain engaged in what the child was doing and would observe them opening the
container. In the averted gaze condition, the experimenter would say ‘go’ and then
immediately look away and rummage in a bag off to the side of them, so that the child
was aware that the experimenter was not observing them do the task. The order of
conditions was counterbalanced, so that during each session, two overimitation trials
were accompanied by direct gaze and two by averted gaze but which container was

accompanied by direct or averted gaze varied between participants.

Following the first four experimental trials, there were two further trials in which
the children were instructed to copy the experimenter exactly, as an assessment of
children’s ability to remember the actions they observed. First, the experimenter would
say to the child “let’s play a different game now. Can you copy me?” The experimenter
would then demonstrate an action and ask the child to copy the action. These actions
included tapping the side of their nose with their index finger, wiggling their earlobe,
knocking on the table and tapping/touching their elbow on the table. After this, two

further transparent containers were presented, each containing a toy. The experimenter
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said to the child “I’m going to open some more boxes now, and this time I want you to
do everything the same way that I do”. The experimenter placed the container on the
table and demonstrated a sequence of actions, again with two necessary actions and one
unnecessary action. The only difference was that this time the children were instructed
to copy the experimenter’s actions exactly. She again reset the container underneath the
table out of view before giving the child a turn. Once the child had retrieved the toy, the
experimenter asked them if the unnecessary action (e.g. banging the container on the
table, or tapping the lid) was silly, or not silly. Following this, they then asked if one of
the necessary actions (e.g. removing the lid, or tipping the toy out of the container) was
silly, or not silly. As with the first four trials, each of these two trials were also
conducted with either direct or averted gaze from the experimenter, and the order was
counterbalanced so that each child had one direct gaze and one averted gaze, but across
all children 50% had averted gaze on the first trial and 50% had averted gaze on the

second trial.

Overimitation Data analysis

Responses were coded from the video recordings to determine whether or not
the children displayed overimitative behaviours. Only the first four trials were used for
data analysis since children were specifically instructed to copy in the final two trials,
and as such these acted as memory control conditions. Each trial was coded as [1] if the
child made a purposeful and definite attempt to replicate the unnecessary action while
retrieving the toy from the container. If they did not attempt to replicate the unnecessary

action, this was coded as [0]. Non-responses were excluded. In addition, any trials that
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involved parental interference (2 trials) or experimenter error (2 trials) were excluded
(e.g. if the experimenter omitted the unnecessary action and therefore there was nothing
to overimitate). The data were coded by two coders. Coder 1 coded all videos and coder
2 coded a subset of the videos (20%). Intercoder reliability was high (o = .983). The
data from coder 1 were used in the final analysis. Since each child did two direct gaze
and two averted gaze trials, scores were averaged separately so that each child had a

direct gaze overimitation score and an averted gaze overimitation score.

3.2.3 Go/No-go Task

Go/No-Go Procedure

The Go/No-go task was taken from the Early Years Toolbox (Howard &
Melhuish, 2017) and was presented on an Apple iPad Air 2 touchscreen tablet. Cameras
were set up at various angles to record the session for later video coding purposes.
Children sat on their parent’s lap at a table, while the experimenter sat adjacent to the
child. The experimenter held up the tablet upright and horizontally, propped up on the
table in front of the child. The experimenter instructed the children to tap the screen
when they saw a fish (‘catch’ the fish). This was followed by five practice trials on the
Go (fish) trials. The experimenter then instructed children not to tap the screen if they
saw a shark (‘don’t catch’ the shark). They then received five practice No-go (shark)
trials. Children were reminded of both rules and practiced a further ten mixed trials
(consisting of 80% Go trials and 20% No-go trials) before the instructions were repeated

once more. Feedback was provided by way of an auditory tone on the practice trials
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only. The actual trials consisted of 75 stimuli (80% go trials and 20% no-go trials) split
into three testing blocks of 25 trials — each time separated by a brief break and a recap
of the instructions once again. Stimuli were presented in a pseudo-random order
ensuring that (1) each block always began with a Go trial and (2) that there were never
more than two consecutive No-Go trials. Each trial stimulus (fish or shark) was

displayed for 1500ms and was separated with an intertrial interval of 1000ms.

Go/No-Go Data analysis

Children were deemed to have responded accurately if they responded on the Go
trials (i.e. tapped the screen when they saw a fish) and if they withheld a response on
the No-Go trials (i.e. did not tap the screen when they saw a shark). The accuracy scores
were then used to calculate an impulsivity score for each child (see Howard & Melhuish,
2017) by multiplying their average Go accuracy score (to account for the prepotency
built up) with their average No-go accuracy score (as an index of the child’s ability to

inhibit the prepotent response).

Go/No-Go exclusion criteria

Trial exclusions were as follows: [1] child was turned away from the iPad and
clearly distracted or no longer engaging with the task; [2] if the child had their finger
still on the screen from the previous trial; [3] parental or experimenter intervention (e.g.
parent held the child’s hand back to prevent them from responding on a no-go trial; the
researcher moved the touchpad away to prevent the child from tapping the screen on a
no-go trial; or parent/experimenter prompting a response on a go trial); [4] any Go trials

with a reaction time less than 300ms.
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Whole trial blocks were excluded if children’s ‘No-go’ average trial accuracy
was less than 20% and average ‘Go’ trial accuracy exceeded 80% over the duration of
a block, as this was likely to be a result of indiscriminate responding - i.e. the child
always pressed the screen, regardless of whether a fish or shark was displayed. This
resulted in a total of 3 blocks being excluded. Likewise, blocks in which accuracy was
less than 20% and no-go trial accuracy was higher than 80% were also excluded (14
blocks), as this was indicative of non-responsiveness. These exclusion criteria resulted
in N=7 children having one block excluded, and N=5 children having two blocks
excluded. To be included in the final sample, children were required to have at least one
valid block out of the three, which all children did with the exception of N=4 children
who refused to participate in the task at all. After exclusions, N=40 children provided

valid data.

3.2.4 Early Childhood Inhibitory Touchscreen Task (ECITT)

ECITT Procedure

The procedures followed during data collection on the ECITT task were the same
as those reported in Holmboe et al. (2021). The task was presented on an Apple iPad
Air 2 touchscreen tablet (the same tablet as used in the Go/No-go task). Children sat
on their parent’s lap at a table, while the experimenter sat adjacent to the child, as in the
Go/No-go task setup. The experimenter held up the tablet in portrait orientation, resting
it on the table. The task started with three practice trials in which a smiley button was
displayed in the centre of the screen. Children were told to tap the button and when they
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did, a short, animated video appeared on the screen. Each animation lasted between 3.75
and 4 seconds. These practice trials were followed by 32 experimental trials, in which
there were two blue buttons (17 x 24 mm), one above the other. One of the blue buttons
had a smiley face on and the other did not. The child was told to tap the smiley face
(“press the happy face”), which appeared in one of the locations (top or bottom) 75%
of the time (prepotent trials) and the other location 25% of the time (inhibitory trials).
The prepotent location (top or bottom) was counterbalanced across participants. The
experimental trials were randomised with the exception of the following constraints:
experimental block always began with 3 trials in the prepotent location in order to
establish the prepotency, there was a maximum of 2 inhibitory trials in a row, and a
maximum of 5 prepotent trials in a row (Holmboe et al., 2021). If the child made the
correct response (i.e. pressed the button with the smiley face on), an animated video
would play. If the child responded incorrectly (pressed the plain blue button), the screen
would remain blank for 1 second before proceeding to the next trial. The task was self-

paced and would only proceed to the next trial once the child had made a response.

ECITT Data Analysis

Both accuracy and reaction time were measured by the touchpad. However, since
the results of the original study demonstrated that children had reached a ceiling effect
for accuracy by the age of 2Y2 years for accuracy (Holmboe et al., 2021) reaction time
was used as the main measure of inhibitory control for the purpose of this analysis. The

reaction time data recorded by the task were checked against the video footage so that
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corrections could be made where necessary (e.g. the child pressed with a nail and their

initial response was not registered by the iPad).

A difference score was derived as an indicator of inhibitory performance
(Holmboe et al., 2021). Using only the RT scores for correct responses, the median RT
for the prepotent trials (trials in which the smiley was in the prepotent location) was
subtracted from the median RT for the inhibitory trials (trials in which the smiley was
in the less frequented location). A higher RTD score was therefore indicative of poorer
inhibitory control. The median was chosen over the mean because it is less affected by
outliers, and so is commonly used in developmental research (e.g. Davidson et al.,

2006).

ECITT exclusion criteria

Trials were excluded under the following criteria: [1] Reaction times under
300ms (N=8) or over 5000ms (N=0) were deemed invalid and excluded from the
analysis; [2] Parental influence (e.g. parent pointed directly to one of the response
locations, nudged towards a response or prevented the child from making an inaccurate
response) (N=3); [3] Experimenter influence (e.g. experimenter pointed directly to one
of the response locations, nudged towards a response or prevented the child from
making an inaccurate response) (N=6); or [4] accidental touches (e.g. brushed the screen
with their arm/hand by accident). In addition, [5] any children who achieved less than
60% accuracy across the prepotent trials were excluded from the sample, because if the
child was pressing the two buttons randomly they would not have built up a prepotent
response tendency for the primed location, and therefore the results would be unlikely
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to reflect response inhibition (Holmboe et al., 2021). However, there were no

occurrences of this in our sample (N=0).

3.3 Results

Firstly, a paired samples t-test was conducted to compare whether there was an
effect of condition (direct versus averted gaze) in the overimitation task. This revealed
no significant difference in overimitation between direct gaze (M=.38, SD=.38) and
averted gaze (M=.40, SD=.40) conditions; t(46)=.36, p=.719. Since there was no effect
of condition, we calculated the average score for the two conditions combined,
producing an overall mean overimitation score for each child. We then used this average
overimitation score to run a correlation with children’s impulsivity score on the Go/No-
go task and ECITT. Pearson’s correlations demonstrated no statistically significant
relationships between children’s performance on the overimitation task and the
impulsivity score on the Go/No-go task r(39)=.28, p=.082 (see Figure 3.1) or their RTD

score on the ECITT, r(44)=.02, p=.894 (see Figure 3.2).
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Figure 3.1

Scatterplot of the relationship between children’s scores on the overimitation task and

their impulsivity score on the Go/No-go task.
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Note. The overimitation score reflects a percentage of overimitation over the four trials.
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Figure 3.2

Scatterplot of the relationship between children’s scores on the overimitation task and

their scores on the ECITT task.
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Note. The overimitation score reflects a percentage of overimitation over the four trials.

Note. The reaction time difference (RTD) score is calculated by subtracting children’s
median RT score on the prepotent condition from their median RT score on the

inhibitory condition.

However, as can be seen in Figures 3.1 and 3.2, the absence of an effect may
have been driven by the presence of several influential data points. To curb the impact
of these influential points — especially given the small sample size — we created
grouping variables based on a median split of children’s inhibitory control scores, to
investigate the overimitative tendencies of children with high and low inhibitory

control. We created median split variables for the GNG task and the ECITT. This
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resulted in a high inhibitory control GNG group (N=20) and a low inhibitory control
GNG group (N=19) and a high RTD score group (N=22) and a low RTD score group
(N=22). To investigate whether there were any significant differences between the
overimitation scores of children in these groups, independent samples t-tests were
conducted. Children in the high inhibitory control group based on the GNG task
performance demonstrated significantly higher levels of overimitation (M=.51,
SD=.35) than those in the low inhibitory control group (M=.28, SD=.31), t(37)=-2.19,
p=.035, d=.70. For the ECITT groups, there were no statistically significant differences
in overimitation scores between the high RTD score group (M=.44, SD=.36) and the

low RTD score group (M=.37, SD=.31), t(42)=.71, p=.483.

3.4 Discussion

Given that 3-year-olds have notoriously underdeveloped inhibitory control, the
current study investigated whether the tendency to overimitate relates to inhibitory
control abilities. To our knowledge, this was the first study to investigate the
relationship between inhibitory control and overimitative tendencies in 3-year-olds. It
was theorised that overimitation may be the result of the prepotent tendency to copy
observed actions; a tendency which one might need to suppress through the use of

inhibitory control at times when it is not appropriate to imitate.

! Note that a high RTD score indicates poorer inhibitory control in this case.
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Two correlations were carried out to investigate (a) the relationship between
children’s scores on the overimitation task with their scores on the GNG task and (b)
the relationship between children's scores on the overimitation task and the ECITT.
Neither correlation was found to be significant, suggesting no relationship between
inhibitory control and overimitation. However, due to the relatively small sample size,
influential data points could have been skewing the results (but were not significant
enough to be considered outliers and were therefore not removed from the analysis).

For this reason, further exploratory analyses were conducted.

In these exploratory analyses, a median split grouping variable was created for
each measure of inhibitory control. When comparing overimitation scores in the high
scoring GNG group against the low GNG group, we found a significant difference. No
differences were found between the high and low RTD groups based on the ECITT task.
Children with higher scores on the GNG task tended to show greater levels of
overimitation than children who scored lower on the GNG task. This finding
contradicted our prediction that we might find a negative relationship between

children’s scores on the overimitation task and the GNG task.

Our prediction had been that children with better inhibitory control might make
use of inhibition to suppress their overimitative tendencies. However, our results
indicated that children with better inhibitory control (on the GNG task) actually
overimitated more. One possibility for this finding is that children who have better
inhibitory control may have better executive function (EF) in general. Indeed, having

good working memory (WM) would certainly allow children to better remember and
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execute the sequence of actions demonstrated by the model, whilst having good
inhibitory control would mean that children are able to perform better on both the
ECITT and the GNG tasks. In this way, good overall EF skills may increase the
likelihood of children scoring highly on the inhibitory control tasks as well as

remembering and replicating the sequence of actions in the overimitation task.

The literature shows that inhibitory control (Carlson, 2005; Garon et al., 2014;
Gerstadt et al., 1994; Kochanska et al., 2000; Murray & Kochanska, 2002; Simpson &
Riggs, 2005a), WM (Cowan, 2014; Diamond et al., 1997; Hughes, 1998; Simpson &
Riggs, 2006) and overimitation (McGuigan et al., 2007; Nielsen, 2006; Whiten &
Custance, 1996) all increase with age. Possibly, as children’s EF improves, they are
better able to remember the sequence of actions observed, resulting in greater
overimitation with age. Similarly, in our study children with more advanced EF abilities
may have been better able to remember the sequence of actions, leading them to show

higher levels of overimitation.

However, we acknowledge that creating median split grouping variables is
controversial since this can increase the likelihood of a type 1 error (in which a true null
hypothesis is incorrectly rejected) as well as adversely affect the statistical power of the
analysis (McClelland et al., 2015). We conducted the median split analyses in the
current study to lessen the impact of the influential data points —a common practise in
developmental psychology (Davidson et al., 2006). These data points were perhaps
more influential given that the study was underpowered (power calculations determined

that a sample size of 67 participants would have been necessary to detect a correlation

91



with a medium effect size). After exclusions were applied, the sample sizes were just
44 and 39 participants for the ECITT/overimitation and GNG/overimitation analyses
respectively. This makes it difficult to know whether there was simply no effect present
to detect, or whether the sample size was just too small to detect it. Unfortunately, since
the data analysis took place during the COVID-19 pandemic, we were not able to collect
additional data to supplement these results. Therefore, we suggest that the current

findings should be interpreted with caution.

There are two possible reasons for the absence of a difference in overimitation
between children in the high and low RTD groups based on the ECITT scores. Firstly,
reaction time was used as a measure of inhibitory control in the ECITT task because
previous research had shown that children’s accuracy levels were already at ceiling
performance at this age (Holmboe et al., 2021). However, we found in Chapter Two
that on other inhibitory control tasks (i.e. our TIC task), RT is not a good measure of
inhibitory control in children under the age of 4%z years. This is because RT scores can
be highly variable in younger children. Too much variability renders the data somewhat
meaningless, because it does not adequately reflect the developments made in inhibitory
control in young children in the same way that accuracy scores do. In this way, perhaps
RT was not really the best measure of inhibitory control in the ECITT, but rather the

only one.

Secondly, the task requirements of the ECITT and the overimitation task may
differ too much to draw meaningful comparisons. For instance, the ECITT measures

children’s ability to respond to stimuli by switching from the prepotent location to the
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alternative location. This is quite different from the overimitation task which measures
children’s ability to refrain from performing a physical action (i.e. unnecessarily
tapping on the lid of a container before lifting the lid off). These methodological
differences potentially result in very different WM demands as well. As discussed
earlier in this discussion, the overimitation task is likely to have fairly high WM
demands for children as young as three years since they are required to remember and
perform an entire sequence of actions as demonstrated by the experimenter. On the other
hand, the WM demands of the ECITT were specifically designed to be as low as
possible since this task was originally created to test inhibitory control in much younger
children (~18 months; Holmboe et al., 2021). If the WM demands of the two tasks are
indeed very dissimilar, then it is possible that the WM demands of the overimitation
task could outweigh the inhibitory demands of the ECITT. This suggests that the

overimitation task may not be the best task to measure children’s imitative tendencies.

To sum, the aim of the current study was to investigate whether there was a
relationship between 3-year-olds’ scores on two inhibitory control tasks and an
overimitation task. We found that children who scored highly on the GNG task also
showed greater levels of overimitation than children who scored lower on the GNG
task. We suggest that these unexpected findings may reflect the fact that children with
better EF may be better able to remember the sequence of actions resulting in greater
levels of overimitation. However, as this study was underpowered, and these results

based on a median split analysis, future research will need to confirm these findings.
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An existing data set was used in the current study since the COVID-19 measures
to prevent the spread of the virus prohibited face-to-face testing at that time. These
measures limited the ability to choose/design the tasks for the current study in relation
to the specific research question. Had we been able to collect our own data, it is likely
that we would not have chosen an overimitation task as a measure of children’s imitative
tendencies. We suggest that a task that requires a more immediate suppression of one’s
imitative tendencies would be more beneficial to use in research into the role of
inhibition in suppressing prepotent imitative responses. Indeed, inhibitory control may
be more likely to be employed in situations in which children need to inhibit a faster
response, for instance when inhibiting the tendency to copy someone else’s actions in
real time. This is why in Chapter Four we used an imitation inhibition paradigm to

investigate this question further.
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Chapter 4
An investigation into the inhibition of
imitative vs non-imitative response

tendencies in young children
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4.1 Introduction

The aim of the current chapter was to investigate the inhibition of imitative
tendencies in young children. The study of imitation inhibition accelerated in the 2000s
when Brass and colleagues (2001, 2003, 2005 & 2009) found evidence in the adult
literature to suggest that the inhibition of imitative responses may be supported by a
domain-specific social brain network (including the TPJ and mPFC). This account of
imitation inhibition was contraindicative to the pre-existing notion that all inhibitory
functions are supported by a domain-general inhibitory mechanism thought to be

associated with the multiple demand (MD) network (Aron, 2004; Duncan, 2010).

In their seminal studies, Brass and colleagues tested participants with frontal
lesions on both the Imitation Inhibition task and the Stroop task (2003, 2005). In the
Imitation Inhibition task, participants were required to raise either their index finger or
their middle finger in response to a number displayed on the screen (i.e. lift index finger
when a ‘1’ is shown and lift middle finger when a ‘2’ is shown). Also shown on the
screen was a video of a hand mirroring the position of the participant’s hand. There
were three conditions: baseline, congruent, and incongruent. In the baseline condition,
the video of the hand remained motionless, and the participant simply responded to the
numbers on the screen as instructed. In the congruent condition, the hand on the screen
raised the correct finger in response to the number shown (i.e. raised an index finger
when the number ‘1’ was shown). In the incongruent condition, the hand on the screen
raised the opposite finger to the one that was required (i.e. raised an index finger when

the number ‘2’ was shown) (Brass et al., 2003; 2005).
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In Brass and colleague’s (2005) Stroop task, participants were instructed to place
their index and middle fingers of both hands onto four buttons. Each button
corresponded to a different possible colour response (e.g. green, red, yellow and blue).
Participants were then shown a stimulus colour word on a screen (e.g. ‘GREEN” in the
colour blue). They were told to press the button which corresponded to the colour the
word was written in (i.e. blue), not the colour the word spelled out. A reminder of which
button corresponded to which colour was displayed on the screen at all times.
Participants were tested on three conditions — a baseline condition in which a series of
X’s was shown in a colour on the screen (e.g. ‘XXXX’ in the colour blue); a congruent
condition in which the stimulus word matched the colour (e.g. ‘BLUE’ in the colour
blue) and an incongruent condition in which the stimulus word did not match the colour

(e.g. ‘GREEN” in the colour blue) (Brass et al., 2003).

For both the Imitation Inhibition task and the Stroop task, a difference score was
calculated (by subtracting the number of errors made in the congruent condition from
the number of errors made in the incongruent condition). Using these difference scores,
Brass and colleagues (2003) found that while the participants with frontal lesions
performed significantly poorer than healthy controls on both tasks, performance on the
two tasks did not correlate within the frontal lesion group. That is, those individuals
who displayed the poorest performance on the imitation-inhibition task were not the
same as those who displayed the poorest performance on the Stroop task and vice versa
(Brass et al., 2003). The fact that patients with frontal lesions can be impaired on one

of these tasks and not the other suggests that there may be a double dissociation of these
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functions. This would suggest that the inhibition of imitative responses may tap into an

additional domain-specific network of inhibition specific to imitation inhibition.

To follow up on this finding, Brass and colleagues (2005) conducted an fMRI
study with healthy participants to compare performance on both the Stroop task and the
imitation-inhibition task. This study showed that comparison of the incongruent and
congruent trials on the Stroop task revealed activation of several frontal regions,
including the pre-supplementary motor area and the posterior prefrontal cortex. In
contrast, during the imitation-inhibition task, participants demonstrated activation in
different regions of the prefrontal cortex including the ventral premotor cortex and
anterior medial prefrontal cortex (mPFC). In addition, multiple regions of the parietal
cortex were activated during the imitation-inhibition task including the precuneus,
cuneus, angular gyrus, right temporo-parietal junction (rTPJ), and the anterior cingulate
gyrus and posterior cingulate gyrus, while participants did not appear to demonstrate

any activation in the parietal cortex during the Stroop task (Brass et al., 2005).

Of particular importance is the finding of activation of the mPFC and the rTPJ
during the imitation inhibition task; which has since been replicated in later studies by
Brass and colleagues (Brass and Heyes, 2005; Brass et al., 2009). Both regions are part
of the social brain network, with the rTPJ being implicated in distinguishing between
actions generated by the self and others (Quesque & Brass, 2019), and the mPFC being
thought to be responsible for carrying out self-generated action when faced with
observing an incongruent action generated by someone else (Brass et al., 2009).

Evidence from tDCS studies suggests that providing anodal stimulation to the rTPJ
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using tDCS can improve one’s performance on an imitation inhibition task (Hogeveen
et al., 2015; Santiesteban et al., 2015). This provides evidence to support Brass and
colleagues’ claim that a domain-specific inhibitory network involving the rTPJ and the
MPFC could be used either alone or in combination with the domain-general network

of inhibitory control during the inhibition of imitative responses.

Conversely, the domain-general account argues that one mechanism is
responsible for all types of inhibitory control, including the inhibition of imitative
responses. This account proposes that inhibitory control is facilitated by the multiple
demand (MD) network, which includes the inferior frontal gyrus (IFG), and dorsolateral
prefrontal cortex (DLPFC) and is activated whenever we are required to inhibit
prepotent response tendencies (Aron et al., 2004; Aron et al., 2014; Bunge et al., 2002;
Darda & Ramsey, 2019). Given that Brass and colleagues also found the rIFG to be
activated during both the Stroop task and the Imitation Inhibition task (Brass et al.,
2005), it could make sense to attribute successful inhibition of any responses (including
both imitative and non-imitative) to the recruitment of the rIFG. However, this
argument fails to explain the finding of double dissociation where some patients with
frontal lesions performed well on one task but poorly on the other. One would expect
that if a participant’s frontal lesion was affecting their rIFG, this should have caused
them to perform poorly on both tasks not just one of them. Thus, this double-
dissociation has fuelled the debate as to whether the inhibition of imitative responses
may tap into a domain-specific inhibitory network in addition to the well-established
domain-general MD network identified by so many other inhibitory control and

executive function studies (Darda & Ramsey, 2019).
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In an effort to shed light on this debate, Darda and Ramsey (2019) conducted a
meta-analysis to review the existing literature, identifying and reviewing twelve fMRI
studies in which adults took part in an imitation-inhibition task. Across these twelve
studies they looked for evidence of consistent activation of social brain areas such as
the mPFC and the TPJ. Such a finding would support the theory that inhibiting imitative
responses might be carried out by a separate domain-specific network, and not by the
domain-general MD network responsible for other types of inhibition. The meta-
analysis (Darda & Ramsey, 2019) revealed that across the twelve studies there did not
appear to be consistent involvement of the mPFC during the imitation-inhibition task,
although there was evidence of the involvement of the rTPJ, consistent with the domain-
specific theory. At the same time, the analysis also identified consistent recruitment of
the MD network across the 12 studies (Darda & Ramsey, 2019), which is consistent

with the domain-general theory.

However, there are several important points to be taken into consideration before
drawing any substantial conclusions from the results of the meta-analysis. Firstly, the
TPJ is a functionally heterogenous brain region — it is involved in a range of different
processes both social and non-social (Corbetta et al., 2008; Krall et al., 2015, 2016; Lee
& McCarthy, 2016; Schuwerk et al., 2017). One such process is to do with resolving
spatial conflict. The majority of imitation inhibition tasks have used the original finger
lifting task used by Brass and colleagues, but this task makes it difficult to disentangle
whether participants’ responses are impacted by the inhibitory requirements of the task
(i.e. do not copy the other person’s actions, but do the alternative response) or the spatial

compatibility of the task (i.e. do not mirror the spatial location of the finger movement,
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but lift the adjacent finger). The suggestion that this task contains a spatial compatibility
component has also been confirmed by subsequent research (e.g. Bertenthal et al.,
2006). It is for this reason that Darda & Ramsey (2019) propose that it is possible that
the activation of the TPJ identified in their meta-analysis could be a result of participants
resolving spatial conflict rather than controlling imitative tendencies. Given that the
Stroop task does not have this same spatial conflict issue, it is difficult to assess whether
activation of the TPJ on the Imitation Inhibition task is associated with resolving spatial
conflict specific to this task, or whether it is associated with the inhibition of imitative

tendencies.

Another potential issue when making comparisons between these two tasks is
that despite both tasks being well-matched in terms of responses (e.g. lift one of two
fingers in the imitative-inhibition task and lift one of four fingers in the Stroop word-
colour task), the stimuli presented are very different. For instance, in the Stroop word-
colour task participants see a word on the computer screen, whilst in the imitation-
inhibition task they see a video of a hand with a number superimposed on top. The mere
observation of another’s hand action may be enough to activate social brain regions
such as the mPFC and the TPJ, meaning that it can be unclear whether activation of
these regions is because of an automatic response to a social stimulus, or whether these

areas may additionally play a role in the inhibition of imitative responses.

The current study attempts to get around this issue by making the presentation
of the stimuli in both tasks ‘social’ by way of a video clip of the experimenter either

performing an action (imitative condition) or saying a word (non-imitative condition).
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This allows for a more direct comparison between the inhibition of imitative and non-
imitative responses since only one task requires the inhibition of an imitative response,
but both are likely to activate the social brain networks associated with the observation

of others’ actions.

Furthermore, the current research is conducted with a developmental population.
Given the distinct period of rapid improvement seen in children’s performance on
inhibitory control tasks such as the Go/No-go task (Dowsett & Livesey, 2000; Weibe et
al., 2012), the Stroop-like Day-Night task (Diamond et al., 2002, Gerstadt et al., 1994),
and the Hand Game (Watson & Bell, 2013), we proposed that testing children aged
between 3-5 years might reveal more tangible results than conducting the same study
with adults. This is in part due to the fact that most adults perform at ceiling levels of
accuracy on inhibitory control tasks, and therefore the only useful measure of ability is
reaction time. Whereas if we study these same tasks in developing children, we should
observe more variation in accuracy, making it easier to investigate whether performance
on the Imitation Inhibition task and Pointing Inhibition task correlate or differ. Based
on a meta-analysis by Petersen and colleagues (2016) which showed that children
perform at ceiling on the Hand Game at an earlier age than on either the Day-Night task
or the Grass-Snow task, we expected that children may find the Imitation Inhibition task

a little easier than the Pointing Inhibition task in the current study.

Previous neuroimaging literature focusing on the inhibition of imitative
responses in young children is limited. In fact, we have been able to identify just one

study (Watson & Bell, 2013) which has measured children’s brain activation with EEG
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whilst performing both the Day-Night task and an Imitation Inhibition-like task (the
Hand game). In the Day-Night task, children were required to say “sun” to a picture of
a moon and say “moon” to a picture of a sun. In the Hand Game, three-year-old children
were instructed to place their palm flat on the table when the experimenter made a fist,
and to make a fist when the experimenter placed a palm flat on the table. EEG activation
in the alpha range (6-9Hz) during the performance of these tasks was compared to
activation during a baseline task during which children watched a cartoon. The results
showed that alpha activation over medial frontal channels significantly predicted
performance on the hand game but not on the Day-Night task (Watson & Bell, 2013).
The findings could be reflective of activation of the mPFC which would be more in line
with a domain-specific account of imitation inhibition. However, since EEG lacks the
spatial resolution to pinpoint specific areas of brain activation, we cannot determine
mPFC involvement with any level of certainty. For this reason, the neuroimaging study
presented in this chapter (Study Four) uses fNIRS which has much better spatial

resolution properties to overcome this issue.

In the current chapter we developed two new screen-based inhibitory control
tasks suitable for children aged between three to five years in which the designs of the
Imitative and non-imitative inhibition tasks were as closely matched as possible (see
Figure 4.1). In the Imitation Inhibition task (based on the Hand Game), children watch
a video of the experimenter performing a hand action (either holding up their index
finger or their fist) and are instructed to perform the opposite action. In the Control
condition, children were required to hold up a fist to one abstract picture and hold up a

finger to the other abstract picture. In this way, our task does not have the issue of spatial
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compatibility as seen in previous Imitation Inhibition tasks used with adults, meaning
that any activation of the TPJ identified during this task was likely to be related to the
inhibition of imitative tendencies rather than spatial compatibility effects. In the
Pointing Inhibition task (based on the Grass-Snow task), children were instructed to
point to the opposite picture to the one that was labelled by the experimenter on the
screen. This way, the structure of the two tasks is very closely matched, as in both tasks,
children observe a ‘social stimulus’ — i.e. a video of the experimenter saying a word or
performing a hand action — and perform an arm/hand action as a response (either
pointing at the stimuli or making a hand action). In the Control condition, children were
required to point to one abstract picture when the word “cat” was said, and the other
abstract picture when the word “boy” was said. In each of the Control conditions, the
working memory demands of the tasks remained the same but did not require the need
for inhibition. This allowed us to specifically isolate neural activation related to
inhibiting the tendency to imitate versus the tendency to point to the labelled object.

The findings are reported in Study Three.

4.2 Study Three

In Study Three, we tested the efficacy of our new tasks involving closely
matched inhibitory and control conditions to compare children’s inhibition of imitative
and non-imitative responses. To test children’s response inhibition, we used a condition
based on the Grass-Snow task. In this condition, we asked children to point to a picture

of a boat when the experimenter said “car”, and to point to a picture of a car when the
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experimenter said “boat” (see Figure 4.1). Since children were required to respond by
pointing, we refer to this as the ‘pointing inhibition’ condition. The pointing inhibition
condition was paired with a control condition (pointing control), in which children were
asked to point to abstract picture 1 when the experimenter said “boy” and to point to
abstract picture 2 when the experimenter said “cat”. In this way, the two pointing
conditions are identical in terms of WM with the exception that inhibitory control is
only required on the pointing inhibition condition, not the pointing control condition.
This is because in the pointing inhibition condition, children must inhibit their tendency

to want to point to the image cued by the stimuli, and instead opt for the other response.

To test children’s imitation inhibition, we used a condition based on the
imitation-inhibition task. In this condition, we asked children to make a fist when the
experimenter held up a finger, and to hold up a finger when the experimenter held up a
fist. This condition is referred to as the ‘imitation inhibition’ condition. The imitation
inhibition condition was also paired with a control condition (‘imitation control’), in
which children were asked to hold up a fist when they saw abstract picture 3 and hold
up a finger when they saw abstract picture 4 (see Figure 4.1). In this way, the two
conditions are identical with the exception that inhibitory control is only required on
the imitation inhibition condition, not the imitation control condition. This is because
in the imitation inhibition condition, children must inhibit their tendency to want to
copy the actions of the experimenter, and instead opt for the other response. Due to the
COVID pandemic and the inability to test participants face-to-face, the study was

conducted over Zoom.
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Figure 4.1

A diagram depicting the required responses for each pair of stimuli per condition.

POINTING (INHIBITION) IMITATION (INHIBITION)

4.3 Method

4.3.1 Participants

84 of the 121 participants tested provided sufficient data to be included in the
analyses (see exclusion criteria in section 4.3.4 for details). Of these 84 participants, 33
were male with an age range of 36 to 72 months with a mean age of 55 months (mean
age = 4 years, 7 months; standard deviation = 10.36 months). A power calculation using
G*Power (Faul et al., 2009) was conducted, determining a required sample size of at
least 82 participants; assuming a power of at least 80% to detect a medium-sized
correlation (r=.3, alpha=.05). Ethical approval was gained from the Ethical Committee

at the University of Essex. Participants were recruited via social media, word of mouth,
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and advertising through preschools. Parents/guardians gave online consent prior to

proceeding with the study.

4.3.2 Materials

The task was coded in Inquisit 5 (Inquisit Lab, version 5.0.14.0, 2016) then
uploaded to the Inquisit website (millisecond.com) so that the task was web accessible.
Every testing session took place using the Zoom platform (Zoom Video
Communications, version 5.17.11, 2024) which allowed the researchers to record video
footage not only of the child taking part, but also of the task itself. Footage of these two
views were recorded simultaneously as one video file, which later allowed for video
coding. For the task to run from the website, the player installer ‘Inquisit Player’ needed
to be downloaded and installed on each device at the beginning of the testing session.
Since participants took part at home, we had no control over the make or model of the
device used or its screen size or picture quality (Inquisit would automatically run the
experiment in full screen mode and therefore rescaled to account for different
participant screen resolutions). The only criterium for the device was that it had to be a
computer or laptop since the Zoom parameters did not allow for mobile phone or tablet

devices.

During the task, each condition started with a pre-recorded instruction video in
which the researcher explained the rules of the ‘game’. The instruction video took up
around a quarter of the screen and was located centrally in the upper half of the screen.
The stimuli for all conditions consisted of a video clip of the researcher. In the pointing
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conditions, a pair of images was also displayed, side-by-side beneath the stimulus video.
Children were required to respond by pointing to one of the two pictures (a boat and a
car in the pointing inhibition condition, and two abstract images in the pointing control
condition, see figure 4.1). In the imitative conditions, the children were not required to
point, but rather to make one of two possible hand gestures. As such, there was nothing

displayed below the stimulus video during these conditions.

4.3.3 Procedures

Participants were tested online in the presence of a parent/guardian at a time
which suited them. At the beginning of the session, the experimenter greeted the parent
and child via Zoom and provided a web link to the task. The link allowed parents to
download the software Inquisit Player in order to run the task. Next, the parents were
required to provide online consent, following which the experimenter took control of
the participant’s screen remotely to control the task. The experimenter asked the child
“shall we find out what we need to do in this silly game?” and played the instruction
video for the first condition (see figure 4.2). For instance, in the Pointing Inhibition
condition, the on-screen experimenter would say “We’re going to play a silly game. In
this game, you need to listen to the word | say, and then point to the right picture. If |
say “boat”, you point to this picture [experimenter points toward the bottom right of the
screen where the picture of the car is displayed] and if I say “car”, you point to this
picture [experimenter points toward the bottom left of the screen where the picture of

the boat is displayed]”.
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Figure 4.2

A screenshot taken from the video clip of the researcher explaining the task instructions

for the Pointing Inhibition condition.

Note. Here, the researcher is saying “when I say car, you point to this picture”.

Following the instruction video, the experimenter asked the child to confirm the
correct answer. For instance, on the Pointing Inhibition condition, the experimenter
would ask the child “So if she says “boat”, which picture do you need to point to?””. The
images remained on the screen allowing the children to point to them. If the child
responded correctly to both stimuli, the experimenter proceeded to the practice trials.
However, if the child responded incorrectly, the experimenter replayed the instruction

video.

Each condition had six practice trials (three of each stimuli) presented in a

randomised order. For every practice trial (regardless of condition), children were
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provided with on-screen accuracy feedback. If they responded correctly, the
experimenter would select the correct feedback video (via a button press on the
keyboard) saying “Well done! You pointed to the right picture!”, or “Well done! You
did the right action!”. If the child responded incorrectly, the researcher initiated a video
that reminded the child of the task instructions (e.g. “Remember, when I say boat, you
point to this picture [points to the car]” for the pointing inhibition condition or
“Remember, when | do this [makes a fist with one hand], you do this [makes a finger

with the other hand]” for the imitative inhibition condition).

Following all six practice trials, participants completed 16 experimental trials
during which no feedback was given for any of the conditions. The experimental trials
always contained eight presentations of each stimulus, but these were presented in a
random order. Trials were separated with a 2-second blank inter-trial interval (a plain
white screen). The task was self-paced, and once the child had made a response, the
experimenter pressed a key to move on to the next trial. The order of conditions was
counterbalanced between participants and were separated with a brief break to allow for
praise to be given, and if necessary, a few minutes rest before moving on to the next
condition. Once all four conditions were completed, the experimenter thanked the
parent and child for taking part, and also provided instruction on how to uninstall the

Inquisit player.
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4.3.4 Data Analysis

We had intended to measure both accuracy and reaction time, but due to issues
with internet connection and both visual and audio lagging, it was determined that the
video footage was too unreliable for reaction time analyses. Therefore, only accuracy
scores were coded using the video recordings of each testing session. Accuracy scores
were averaged to give a mean accuracy score per participant, per condition. Accuracy
was coded as [1] for a correct response and [0] for an incorrect response. Non-responses
were excluded, as were any trials involving either parental interference or experimenter
error (e.g. parents nudging the child towards the correct response or giving leading
prompts). For the age analysis, children were divided into three age groups: 3 years 0
months to 3 years 11 months (N = 26); 4 years 0 months to 4 years 11 months (N = 29)

and 5 years 0 months to 5 years 11 months (N = 29).

Exclusions

Any children who performed below chance levels (<50%) on either of the control
conditions were excluded from the final data sample (N=6), as this suggested that they
did not understand the task instructions. Nine participants were excluded because of
experimenter error, (e.g. the experimenter forgot to use Zoom’s ‘record’ function so
there was no footage of the task to analyse). A further 8 participants were excluded from
the final sample because the footage was not sufficient to analyse due to internet
connection and lagging. Finally, there were an additional 14 participants who attempted
the study but were not able to get through all four conditions, resulting in an incomplete

data set. The average age of these 14 participants was 40.76 months (3 years 4 months)
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with a range of 36.32 to 47.84 months (3 years 0 months to 3 years 11 months). This
demonstrates that it was the youngest children within the sample (all under 4 years) that
struggled to get through the task the most and ended up being excluded from the final

analysis.

After these exclusions, the total number of participants included in the final
sample was 84, with data being collected by a total of seven researchers. Each
researcher coded the data they collected. One of the seven researchers was the PhD
candidate who collected and analysed valid data from 23 children. Of the remaining 61
children, a subset of around 16% (N=10) were double coded by the PhD candidate. Two
of the six researchers demonstrated lower intercoder reliability (70% and 80%
respectively) than the others (>90%), and as such, these data were re-coded by PhD

candidate. Only the re-coded data was used in the final analyses.

4.4 Results

A mixed measures ANOVA with Task (pointing vs. imitative) and Inhibitory
Demands (inhibitory vs. control) as within-subjects factors, and Age as between-
subjects factor was conducted to determine whether there were any differences in
accuracy scores between the inhibition of imitative and non-imitative prepotent
response tendencies either at the group level or per age. As expected, we found a
significant main effect of Age on overall performance, F(2,81)=19.549, p<.001,

n%p=.326 as well as a significant main effect of Inhibitory Demands (inhibitory vs
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control), F(1, 81)=42.172, p<.001, #%=.342, but no significant main effect of Task
(pointing vs. imitation), F(1, 81)=1.406, p=.239, #%=.017, nor a significant interaction
between Task (Pointing vs. Imitation) and Inhibitory Demands (Inhibition vs. Control),
F(1, 81)=.982, p=.325, #%=.012. This shows that children’s scores improved with age,
and that children’s scores were lower on the inhibitory conditions than the control

conditions, but that feedback did not improve children’s scores.

As can be seen in Figure 4.3, overall, the average accuracy scores were higher
on the control conditions (pointing control M=.95, SD=.09; imitation control M=.95,
SD=.09) than the inhibitory conditions (pointing inhibition M=.82, SD=.29; imitation

inhibition M=.78, SD=.34).
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Figure 4.3

Bar graph to show average accuracy scores for all conditions across all participants.
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The analysis also revealed a significant interaction between age and task,
F(2,81)=14.086, p<.001, #?=.258. Follow-up repeated measures analyses per age
group, showed that the main effect of Inhibitory Demands was significant at each age
(3-years-olds F(1,25)= 25.803, p<.001; 4-year-olds F(1,28)= 8.342, p=.007; 5-year-
olds F(1,28)= 5.124, p=.032). However, as can be seen in Figure 4.4, the significant

interaction between Age group and Inhibitory Demands is driven by the fact that the
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difference between the inhibitory and control condition gets smaller as children get

older.

Figure 4.4

Bar graph to show average accuracy scores for all conditions per age group.
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Three-year-olds had significantly lower accuracy scores compared to the other
age groups (four-year-olds and five-year-olds), p<.001, but the difference between four-
and five-year-olds was not significant, p=.873. Overall, these behavioural results
suggest little difference in performance between the two inhibitory conditions

(Imitation Inhibition and Pointing Inhibition — see figure 4.5).
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Figure 4.5

Scatterplot to show trend in average accuracy scores per condition over age.
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Note. Trendlines show line of best fit for each condition. These are depicted as a light
red solid line for the Ponting Control condition; a dashed dark red line for the Imitation
Control condition; a light blue solid line for Pointing Inhibition condition; and a dashed

dark blue line for the Imitation Inhibition condition.
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4.5 Discussion of Study Three

In Study Three, we tested three-, four-, and five-year-olds on an Imitation
Inhibition task and a Grass-Snow-like task in an online study to investigate the
inhibition of imitative and non-imitative response tendencies. As expected, we found
that for both tasks, children performed significantly better on the control conditions than
the inhibitory conditions at all age groups. This is consistent with previous literature
showing a large difference between the inhibitory and control conditions (Diamond et
al., 2002; Gerstadt et al., 1994; Simpson & Riggs, 2005). We did not find any significant
differences in children’s performance between the pointing and the imitation tasks
either at the group level or between age groups. By the age of 5, children’s performance
seemed to be approaching ceiling with less than 5% difference in performance between
each of the experimental conditions (Pointing and Imitation) and their corresponding

Control conditions.

The similarity in children’s performance between the two tasks is consistent with
(but not proof of) the domain-general account of imitation inhibition. However, we
cannot exclude the possibility that there are two different neural mechanisms that
support the types of inhibition required for the Pointing task and the Imitation task
which happen to develop simultaneously. In order to make any claims about the
underlying neural mechanisms supporting the inhibition of imitative responses, further
testing with neuroimaging study is required. Hence, Study Four aims to test the

inhibition of imitative and non-imitative responses using fNIRS in children around the

117



age of four. This age was chosen since the 5-year-olds were reaching ceiling

performance.

4.6 Study Four

The aim of Study Four was to use fNIRS to see whether there were any
differences in the brain areas activated in 4-year-old children during the Imitation
Inhibition condition and the Pointing Inhibition condition. The task remained the same
as in Study Three, except for a few minor changes. Firstly, we had some concerns that
the shapes used in the imitation control condition were too suggestive of the action
required (e.g. the triangles are a pointy shape and require participant to hold a finger up,
whilst the circles are a round shape and require participants to hold up a fist). For this
reason, we created different abstract images. We also switched the responses in the
pointing control condition around for counterbalancing purposes. If performance
remained roughly the same between Studies One and Two on the pointing control
condition, then we can be assured that the stimuli are indeed neutral and not aiding
children in their responses. Figure 4.6 shows the responses required for each pair of

stimuli.
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Figure 4.6

Diagram depicting the required responses for each pair of stimuli for each of the four

conditions in Study Four.
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To allow us to measure haemodynamic responses we incorporated a block design
(see Figure 4.7). Six blocks of 3 trials were presented in each condition. These trial
blocks were alternated with baseline blocks during which children observed coloured
swirling patterns on the screen in the same location that the video stimuli were presented
(see figure 4.8 for an example of the baseline condition). Based on the previous findings
by Watson and Bell (2013) as well as the findings from the adult literature (Brass et al.,
2003, 2005), we expected that the imitation inhibition task may involve the mPFC and
TPJ, while the pointing inhibition task would primarily result in activation in the IFG

and the dIPFC.
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Figure 4.7

[llustration of the block design.

Baseline video
(variable duration
between 9-13 secs)

Randomised trial
(self-paced with a
cut-off of 6 secs)

Randomised trial
(self-paced with a
cut-off of 6 secs)

Randomised trial
(self-paced with a
cut-off of 6 secs)

Note. The example shown here depicts an example of the Imitation Inhibition condition.

Note. Each block consists of a baseline video followed by three experimental trials.

Each condition is made up of 6 blocks.
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Figure 4.8

Clip taken from a baseline video.

-

4.7 Method

4.7.1 Participants

Participants were recruited via social media, word of mouth, and advertising
through preschools. A power calculation using G*Power (Faul et al., 2009) was
conducted, determining a required sample size of at least 32 participants; assuming a
power of at least 80% to detect an interaction between task, condition and location
(region of interest). A total of 39 participants participated in the study (M= 47.32
months, range 44-51 months; 19 girls). Of these, 31 participants provided sufficient
data to be included in the final analysis (M= 47.52 months, range 44-51 months; 16
girls). (See section 4.7.5 for more detail regarding the exclusion criteria). Ethical
approval was gained from the Ethical Committee at the University of Essex. Parents
provided written consent before beginning the study.
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4.7.2 Materials

The task was recoded from Inquisit 5 into MATLAB (The MathWorks Inc.,
2017) to allow it to run smoothly alongside the fNIRS setup. The task was run by the
experimenter from a DELL desktop computer displaying both the MATLAB script as
well as the software OBS studio (Bailey, 2017) to record the participants via a webcam.
A second, 27” monitor screen was linked up adjacently displaying the stimuli. Only the
second screen was Visible to the participant. A Logitech webcam was linked up to the
computer and recorded through OBS studio. OBS was set up so that the footage was
recorded both from the webcam and the second screen. These were recorded
simultaneously side-by-side into one video file and to allow for later video coding

purposes.

4.7.3 INIRS data acquisition

Data were collected using a NIRx NIRSport system (NIRx, Medical
Technologies, LLC) containing 8 sources and 8 detectors that enabled near-infrared
light to be sent from the machine to sources located in an array on the scalp, held in
place with a NIRx head cap. To accommodate individual differences in head
circumference at age 4, sizes 50cm, 52cm and 54cm NIRx head caps were used. Infrared
light was emitted at wavelengths of both 760 and 850nm and recorded using the NIRx
software Aurora. Of the available sources, 8 sources and 7 detectors were used in the

current array resulting in 10 channels in total (see figure 4.9).
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Our array was designed in NIRSite (NIRSite 2.0, NIRx Medical Technologies,
LLC) and previous literature was used to determine the corresponding EEG 10-10
positions based on our chosen regions of interest (ROI). Probe geometry therefore
consisted of two channels across the mPFC (Fpz-Fpl and Fpz-Fp2 - Hanlon et al., 2013;
Hosomi et al., 2019; Nakamura & Kawabata, 2015), two channels over the IFG (one
each side: F6-FC6 and F5-FC5 - Holland et al., 2011; Jacobson et al., 2012; Nobusako
et al., 2017; Schroeder et al., 2022), two channels over the DLPFC (one each side: F3-
F5 and F4-F6 - Nejati et al., 2018; Schroeder et al., 2022; Zheng et al., 2018) and two
channels over the TPJ for each hemisphere (CP5-P5, P5-P3, CP6-P6 and P6-P4 — Bardi
etal., 2017; Ye et al., 2015; Santiesteban et al., 2012; Sowden et al., 2015; Zheng et al.,
2018). The task presentation computer was linked directly to the NIRSport in order to

enable triggers to be recorded within the fNIRS data.
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Figure 4.9

Diagram to show location of sources, detectors and channels on an EEG 10-10 mapping

system.
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Note. Sources are shown in red, detectors in blue and channels are depicted by a

connecting purple line.

Note. mPFC is measured by channels 1 & 2, the right and left IFG are measured by
channels 4 & 8 respectively, the right and left dIPFC are measured by channels 3 and 7
respectively, the rTPJ is measured by channels 5 & 6, and the left TPJ is measured by
channels 9 & 10.
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4.7.4 Procedure

The experimenter introduced themselves to the parent and child and invited them
into the testing lab. Once the parent had completed the demographic survey and signed
the consent form, the head cap was placed on the child’s head to check the fit and
adjusted as necessary (head circumference was provided in advance of the session, but
on one or two occasions was incorrect and the cap had to be switched for a different
size). Photographs were taken from three different angles (right profile, left profile and

front) so that accuracy of cap placement could later be confirmed.

Children were then instructed to sit on their parent’s lap, watch the computer
screen and listen carefully to what they needed to do. The experimenter selected the
required condition (order of conditions was counterbalanced between participants) and
the children watched the task instruction video. As in Study Three, children were then
given the opportunity to watch the video again if required, otherwise they moved on to
the randomised 6 practice trials (3 of each stimulus) where accuracy feedback was
provided. The practice trials remained the same as experiment 1 (6 practice trials, each
with accuracy feedback). Following the practice trials, children completed the
experimental trial blocks. A cut-off of 6000ms was added, so if no response was made,
the next trial would begin automatically. Each block was separated with a baseline
video. There were 12 possible baseline videos which were selected by the task at
random. The baseline videos were varying lengths, anywhere between 9-13 seconds
duration to ensure that children were not able to anticipate the upcoming block (so as to
avoid any activation prior to the stimulus presentation). In between conditions, children

were given a sticker for encouragement and at the end they received a certificate for
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participating. The ‘winning’ of a sticker at the end of each ‘game’ was used as

encouragement to continue. Data collection was conducted solely by the PhD candidate.

4.7.5 Behavioural Data Analysis

The OBS footage was used for data analysis as it contained a screen recording
of the participant’s monitor screen as well as a view of the child (via the webcam). This
enabled the experimenter to see what the child could see, and how they then responded.
As in study Three, accuracy scores were averaged to give a mean accuracy score per
participant, per condition. Accuracy was coded as [1] for a correct response and [0] for
an incorrect response. Non-responses were excluded, as were any trials involving either
parental interference or experimenter error (e.g. parents nudging the child towards the
correct response or giving leading prompts). If any blocks contained 2 or more non-
responses, these blocks were subsequently excluded from the fNIRS analysis. Of the 31
valid data sets included in the final sample, the majority (N=28) were video coded by
an assisting researcher to determine each child’s accuracy score. Of these 28, 10%
(N=3) were double coded by the PI with an intercoder reliability score of 96% based on

accuracy coding.
Exclusions

Any children who performed below chance levels (<50%) on either of the control
conditions were excluded from the final data sample (N=3), as this suggested a lack of
understanding of the task. An additional 4 children attended the lab but refused to

participate as they did not want to put the cap on. Finally, one further participant was
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excluded from the final data set as they needed to use the toilet halfway through the
session and so the cap was removed and replaced. This meant we could not be 100%
sure that the cap was replaced in exactly the same location, and thus we could have been
measuring slightly different brain areas between the first and second sessions. Because
of this, we would have been unable to determine whether any difference in activation
was because of the task, or because of the cap placement, which resulted in the

participant being excluded from the final sample.

4.7.6 INIRS Data Analysis

Video coding

We firstly wanted to exclude any baseline sessions during which the participant
was distracted, moving, talking, or looking at either their own hands, their parent, or the
experimenter for more than 40% of the baseline duration. This is because if a child is
talking or looking at a social stimulus, this may result in unwanted brain activation
which could skew the final result, given that we are specifically comparing social vs
non-social stimuli. The Observer® XT (version 15 [computer software], Noldus
Information Technology) was used to code the video footage of each session, enabling
us to exclude any periods of time that the child was off task during each baseline. From
this data, it was then possible to calculate the total percentage of time a child was on-
task. Any baselines in which the child was on-task for less than 60% (i.e. distracted for

more than 40%) were excluded from the data set. Of the 31 participants in the final
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sample, 22 were coded by the PhD candidate and 9 were coded by another researcher.

All 9 of these were checked by the PhD candidate, and 5 were re-coded.
Data preprocessing

Data were pre-processed using HOMER2 (Huppert et al., 2009) a MATLAB
software package (The MathWorks Inc., 2017). Exclusion markers were added to
indicate which blocks were to be excluded due to too many non-responses as well as
indicating any baselines to be excluded, as per the video coding analyses. Our
preprocessing steps were similar to those of de Klerk et al. (2018): channels with a raw
intensity smaller than .001 or larger than 10 were excluded, and motion artefacts were
corrected using wavelet analyses with an interquartile range of .5. Hereafter, the data
were band-pass filtered (high-pass: .01 Hz, low-pass: .80 Hz) to attenuate slow drifts
and high frequency noise. The data were converted to relative concentrations of
oxygenated (HbO>) and deoxygenated haemoglobin (HHb) using the modified Beer-
Lambert law. The required differential path length factors (DPF) were calculated using
Scholkmann and Wolf’s (2013) general DPF equation (DPF(A; A) = o + BAy + 8A% +
el? + () to account for both age and wavelength(s) used. This determined that for
children aged 4 years, a DPF of 5.469 was required for a wavelength of 760, and a DPF
of 4.406 was required for a wavelength of 850. Relative changes in HbO> and HHb,
were computed for 22-second-long epochs starting 2 seconds before the onset of each
block. The decision to measure a 20 second trial block was based on the video coding

which determined that this was the average block length. After data preprocessing, 3
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channels (out of a possible 310) were excluded due to excessive motion artefacts, across

2 participants.

4.8 Results

4.8.1 Behavioural Accuracy

We first analysed the behavioural performance of the participants. A mixed
ANOVA with Task (pointing vs. imitative) and Inhibitory Demands (inhibitory vs.
control) as within-subjects factors was conducted to determine whether there were any
differences in accuracy scores between the inhibition of imitative and non-imitative
prepotent response tendencies. The analysis revealed a significant main effect of
Inhibitory Demands, F(1, 30)=21.972, p <.001, #%=.423. There was also a significant
main effect of Task, F(1, 30)=8.079, p=.008, #%=.212, with children performing better
overall on the pointing task than the imitation task. There was no interaction between

Inhibitory Demands and Task, F(1, 30)=2.948, p=.096, #%,=.089.

As can be seen in Figure 4.10 the average accuracy scores were higher on the
Control conditions (pointing control M=.95, SD=.11; imitation control M=.90, SD=.08)
compared to the Inhibitory conditions (pointing inhibition M=.79, SD=.24; imitation
inhibition M=.61, SD=.40). Though performance on the two inhibitory conditions
(pointing inhibition and imitation inhibition) was fairly similar, a Pearsons correlation

revealed no significant correlation r(31)=.234, p=.205. Although should this study be
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replicated again in the future with a larger sample size, this correlation should be run

again to confirm this finding.
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Figure 4.10

Bar graph to show average accuracy scores for each condition.
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4.8.2 INIRS

We initially planned to analyse the fNIRS data by using the difference in
oxyhaemoglobin between the inhibition and control conditions. However, as can be
seen in Figures 4.11 and 4.12, we had an unexpected situation in which the control
conditions caused greater haemodynamic responses than the inhibitory conditions. This
makes the interpretation of differences between these conditions more difficult (as less
negative differences would indicate greater activation in the inhibitory conditions) and

therefore we report here the comparison of the inhibitory conditions only.
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Figure 4.11

Plots to compare the concentration of oxygenated haemoglobin (HbO2) between the

Pointing Inhibition condition and the Pointing Control condition for each channel.
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Note. The left y-axis plots the HbO> concentrations (data shown in solid lines) whilst

the right y-axis plots the p-value (data shown in dotted lines). The five time bins are

plotted on the x-axis to show changes in concentration over time. Dotted lines below

the 0.5 p-value marker denote a significant difference in activation between conditions.
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A Conc

A Conc

Figure 4.12

Plots to compare the concentration of oxygenated haemoglobin (HbO2) between the

Imitation Inhibition condition and the Imitation Control condition for each channel.
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the right y-axis plots the p-value (data shown in dotted lines). The five time bins are

plotted on the x-axis to show changes in concentration over time. Dotted lines below

the 0.5 p-value marker denote a significant difference in activation between conditions.
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To investigate the neural activation specifically related to inhibiting responses,
first we quantified the mean haemodynamic concentration changes for both HbO» and
HHb during 5, four-second time bins following trial onset, similar to de Klerk et al.,
(2018). Hereafter, we performed repeated measures analyses with the 5 time bins and
the two conditions (Pointing Inhibition vs Imitation Inhibition) as within subjects
factors for each of the ten channels. This analysis aimed to identify channels which
incurred a significant HbO:. increase (Figure 4.13) or a significant HHb decrease (Figure
4.14) from baseline when both conditions were considered together (as evidenced by a
significant main effect of time). This analysis revealed that 5 out of the 10 channels

showed a significant haemodynamic response (See Table 4.1).
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Figure 4.13

Plots to compare the concentration of oxygenated haemoglobin (HbO.) between the

Pointing Inhibition condition and the Imitation Inhibition condition for each channel.
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Note. The left y-axis plots the HbO> concentrations (data shown in solid lines) whilst

the right y-axis plots the p-value (data shown in dotted lines). The five time bins are

plotted on the x-axis to show changes in concentration over time. Dotted lines below

the 0.5 p-value marker denote a significant difference in activation between conditions.
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Figure 4.14

Plots to compare the amplitude of deoxygenated haemoglobin (HHb) between the

Pointing Inhibition condition and the Imitation Inhibition condition for each channel.
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Note. The left y-axis plots the HHb amplitudes (data shown in solid lines) whilst the

right y-axis plots the p-value (data shown in dotted lines). The five time bins are plotted

on the x-axis to show changes in amplitude over time. Dotted lines below the 0.5 p-

value marker denote a significant difference in activation between conditions.
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Table 4.1

Table to show channels which demonstrated a significant main effect of time (p <.05).

Channel Location Signal Statistics

Channel 2 Right mPFC HHb F(4, 112) =2.617, p=.039, 5% =.085
Channel 3 Right dIPFC HbO; F(4, 108)=11.551, p<.001, 5% =.300
Channel 3 Right dIPFC HHb F(4, 108)=3.634, p=.008, 5%,=.119

Channel 4 Right IFG HbO; F(4, 112)=8.031, p<.001, 7% =.223

Channel 5 Right TPJ HbO> F(4, 108)=3.440, p=.011, %, =.113

Channel 7 Left dIPFC HHb F(4, 112)=2.603, p=.040, #%,=.085

Repeated-measures analyses were then conducted on each of these pre-selected
channels to assess whether there were differences in the haemodynamic response
between the two conditions. For only one of these channels (rTPJ) we found a trend
towards a greater HbO. response in the Imitation Inhibition condition compared to the
Pointing Inhibition condition (channel 5: interaction between time and
condition, F(4,108) = 2.245, p =.069, suggestive of a greater increase in the

HbO: response to the Imitation Inhibition condition over the analysis period).

However, as can be seen in Figure 4.15, the oxy increase in the Imitation
Inhibition condition over this channel is accompanied by an increase in deoxy as well.
Canonical patterns of activation would consist of an increase in oxy that is accompanied
by a decrease in deoxy (Hakim et al., 2022). However, since we find an increase in both
oxy and deoxy simultaneously, this makes this finding much more difficult to interpret

and may be indicative of noisy data over this particular channel.
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Figure 4.15

Concentration of oxyhaemoglobin and deoxyhaemoglobin on the inhibitory conditions
for Channel Five.
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4.9 Discussion of Study Four

The aim of Study Four was to investigate the neural correlates of inhibiting
imitative and non-imitative responses in four-year-olds. As with Study Three, we
similarly found a main effect of Inhibitory demand in the behavioural analysis, with
children performing significantly better on the control conditions than the inhibitory
conditions on both tasks. We also found that overall, children performed significantly
better on the pointing task than the imitation task (a trend which was also seen in Study

Three but did not reach significance).

With regards to the fNIRS analysis, we observed greater activation on both
control conditions (as seen in Figures 4.11 and 4.12). Typically, one would expect that
the conditions found to be most challenging for participants behaviourally would elicit
a greater neural response, but here we find the opposite. One possible explanation is
that children managed to make the WM demands of the inhibitory conditions easier by
consolidating the instructions down to one rule: ‘point to/do the opposite’. This is not
possible on the control conditions, because no such ‘opposite’ response exists. Thus, in
the control conditions, children are forced to remember two rules: ‘give response a for
stimuli B and give response b for stimuli A’. This reasoning may indeed explain why
behaviourally, children performed better on the control conditions (suggesting that they
found these easier likely due to the low inhibitory demands), and yet the control
conditions elicited greater activation than the inhibitory conditions (suggesting a great

cognitive (WM) demand).
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Because of the observation that the control conditions elicited a greater increase
in activation than the inhibitory conditions (as compared to the baseline), we decided
not to calculate a difference score (i.e. control condition minus inhibitory condition) for
each task as we had originally planned. Instead, we used only the inhibitory conditions
(Pointing Inhibition and Imitation Inhibition) to make comparisons. The repeated
measures analyses revealed that both tasks elicited significant activation of the right and
left dIPFC, the right mPFC, the right IFG and the right TPJ. Of these five channels
which showed a significant haemodynamic response overall, four demonstrated no
significant difference between the Pointing Inhibition condition and the Imitation
Inhibition condition. However, the fifth channel — located over the rTPJ — did
demonstrate a difference between the two tasks, with the Imitation Inhibition task
trending towards a greater HbO. response than the Pointing Inhibition task. Whilst it did
not reach statistical significance, it is interesting that this difference was observed in the
rTPJ — an area demonstrated to play a role in the inhibition of imitative responses but
not non-imitative responses. It is important to note though that whilst there was a strong
increase in oxygenated haemoglobin, there was also an increase in deoxy. This is an
atypical finding, since a canonical haemodynamic response would see the increase in
oxy accompanied by a decrease in deoxy. This topic is discussed further in Chapter

Five.

As a result of this atypical finding, these data are more difficult to interpret.
Having not found a significant difference between the two tasks, we cannot provide
evidence to support the domain-specific account of imitation inhibition. However, the

trend towards greater activation during the Imitation Inhibition task does not provide
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evidence to support the domain-general account either. Given that this trend does not
occur in any of the other channels which demonstrated a significant haemodynamic
response overall, we attempt to explain this finding: one potential explanation is that
there was more noise over this channel (channel 5) during the Imitation Inhibition task,
causing both deoxy and oxy to be high. However, this channel did not show a significant
amount of motion artefact after correction. Alternatively, it could be that the oxy
response is real, but a larger sample size is needed to detect this effect. Whilst we do
not want to overstate the importance of this finding, it is also prudent not to dismiss it
too fast, especially given the fact that the rTPJ has been proposed to be involved in the
inhibition of imitative responses but not non-imitative responses (Brass et al., 2003,
2005). Further research is warranted to see whether this finding replicates on a larger
scale. A larger sample size would also enable us to conduct adequately powered

correlational analyses between the two tasks.

Whilst the NIRSport has excellent applications for use with young children due
to its lightweightness and robustness to movement, the setup available to us only had 8
sources and 8 detectors. These parameters made it very difficult to create an array to
cover the bilateral regions of interest (ROI) required for this study; with some regions
being covered by just a single channel (dIPFC and IFG). Given the inconsistencies in
the literature regarding the precise localities of brain areas, it would be beneficial in
future to use a system with more sources and detectors. This is particularly important
given that the design of fNIRS means that we are measuring the area of the cortex
between the source and the detector, rather than the location of the optodes themselves.

Having more available optodes would therefore allow us to design an array in which
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each ROI is overlapped by multiple channels and thus we are less likely to miss any
significant activation should it be present. Of course, we could have dropped one of our
ROTI’s which would have freed up another pair of optodes bilaterally to add a channel
over another region, however all four of our ROI’s demonstrated significant activation
compared with the baseline at least unilaterally (mPFC, DLPFC, IFG and TPJ). Given
that all of these regions are notable in the domain-general/domain-specific debate, we
feel that further investigation is required with a larger optode array to better establish
their role in the inhibition of imitative responses. One final consideration is that like any
neuroimaging technique, fNIRS too has its limitations. The most significant limitation
of NIRS in relation to Study Four is that one cannot be certain that the optodes are only
picking up activity in the targeted regions of interest. There are several reasons for this.
To begin with, fNIRS technology lacks the ability to penetrate more than a couple of
centimetres into the cortical tissue (Lloyd-Fox, 2010; Quaresima & Ferrari, 2019). The
depth of light penetration is dependent on the optode proximity: sources and detectors
placed closely together will measure only a shallow depth, while optodes placed further
apart will measure deeper cortical tissue. However, if placed too far away, the near
infrared light will bounce around the tissue until almost complete absorption, rendering
any measurements useless. In the current study, all source-detector pairs in Study Four
were located adjacently (see Figure 4.9), and no channels were excluded due to
insufficient signal which suggests that the optodes were placed close-enough together
to gain good NIRS signal. However, another contributing factor is that every child’s
head size and shape differs (hence the use of 4 different cap sizes). This means that,

despite good cap placement, the precise location of each brain region may not
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correspond precisely with external anatomical landmarks across the skull. Thus, on
children with larger heads, the same optode array may be measuring a slightly deeper
area of cortical tissue than children with smaller heads, since the source-detector pair
are slightly further apart. Without taking MRI scans of each child’s brain anatomy to
cross-reference against the regions which were found to be activated during the task,
one cannot be 100% certain that any activation found during the task is solely from the
regions of interest being targeted by the optodes. Of course, MRI is contraindicated in
children of this age range for the reasons discussed in section 1.5.1. Therefore, despite
its limitations, fNIRS was chosen as the neuroimaging technique of choice for Study
Four because of its suitability for young children and its superiority over other

techniques such as EEG in localising areas of brain activation during a functional task.

4.10 General Discussion and Comparisons

The overall aim of this chapter was to compare the neural correlates of inhibiting
imitative and non-imitative response tendencies in young children. In Study Three we
first examined the behavioural results of a new task based on the TIC task used in
Chapter Two. Having found this new task to be a good measure of both the inhibition
of imitative and non-imitative responses in Study Three, Study Four used this task again
with fNIRS to investigate the neural correlates. A comparison of the behavioural results
demonstrated that children performed significantly better on the control conditions than

the inhibitory conditions in both studies. This alludes to the fact that the task is indeed
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measuring young children’s ability to inhibit a prepotent response tendency, since the

control conditions are designed such that they do not have an inhibitory component.

In addition, it seems that children may have found the imitation task more
difficult than the pointing task across both studies, though the difference between
children’s scores only reached significance in Study Four. If anything, this finding is
inconsistent with the literature, with Petersen and colleagues suggesting that children
should find the Hand Game easier than the Grass-Snow task (Petersen et al., 2016).
However, given that the tasks were as closely matched as possible in Studies Three and
Four, we suggest that perhaps this difference might be driven by the prepotency of the
actions requiring inhibition. According to the literature, the prepotency of an action (e.g.
pointing or making a finger/fist) is somewhat determined by one’s experience of
observing and performing it (Heyes, 2011). Indeed, there is evidence to suggest that
because making a fist or a finger are generally not actions which are performed
synchronously, they are often less prepotent (O’Sullivan et al., 2018) which could
account for why children found the pointing inhibition task easier than the imitation

inhibition task in the current study.

In addition, a few minor changes were made to the task between studies Three
and Four. These included making modifications to the stimuli used in the Imitation
Control condition to ensure that the abstract shapes were not too pointy or round given
that the required responses were a finger and a fist. The stimuli used in the Pointing
Control condition were also counterbalanced. However, as a result of the

counterbalancing, where Abstract Picture 1 (blue background with 6 vertical yellow
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rectangles) had previously been associated with ‘cat’ it was now associated with ‘boy’.
We realised that the pre-existing association between the word boy and the colour blue
could therefore have made the Pointing Control condition easier in Study Four than it
had been in Study Three. On comparing the Pointing Control conditions between the 4-
year-old group in Study Three and the 4-year-old children who participated in Study
Four, the difference was negligible (0.1%). There was however a slight difference
(5.9%) between children’s scores on the Imitation Control conditions between studies
Three and Four. Therefore, the pointy and round abstract shapes used in Study Three
may indeed have been providing children with a cue as to the correct answer, which

could account for the slightly higher performance compared with Study Four.

Another interesting comparison between the two studies is that children seemed
to find Study Three more difficult than Study Four, as evidenced by the high drop-out
and exclusion rates. Putting aside the exclusions associated with internet connection
issues and experimenter errors, the exclusion rate was still higher in Study Three than
Study Four. For example, in Study Three, six children were excluded due to poor
performance on the control conditions compared with three children in Study Four. In
addition, in Study Three, fourteen children were excluded because they were unable to
stay on-task for the duration of the four conditions, resulting in incomplete data sets. In
contrast, in Study Four, all children who attended the lab successfully completed all
four conditions, with the exception of four children who did not contribute any data

because they did not tolerate the fNIRS cap.
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Perhaps the most notable difference between the studies was not the task itself,
but the fact that Study Three was conducted online whilst Study Four took place in a
laboratory setting face-to-face. It was necessary to conduct Study Three online due to
the COVID-19 measures in place at the time of testing. However, it seems that children
found participation under these circumstances more challenging. It is very difficult to
know exactly which aspects were more difficult, and these may not have been the same
for each child. But perhaps the most likely reason for children’s poorer adherence to the
task in the online study is the higher likelihood of distractions in the home environment
to draw away their attention. In many of our online testing sessions, there were other
siblings and family members present, and in some cases the parents ended up
periodically leaving the room. These home distractions are likely to have played a role
in preventing children from being able to fix their attention on the task for its entirety
and as such resulted in many children being unable to provide sufficient data across all
four conditions. Having said that, it is also possible that because Study Three contained
a wider age range than Study Four, there were a higher number of younger children in
the sample, which could have accounted for the high level of exclusions seen. In fact,
all fourteen participants who failed to complete all four sessions were under the age of

4.

In Study Three, age was used as a variable to look at performance between three
different age groups: children aged three (3y, Om — 3y, 11m), four (4y, Om — 4y, 11m)
and five (5y, Om — 5y, 11m). On the other hand, Study Four was a cross-sectional study
in which we investigated children centred around the age of four. We therefore recruited

children aged 48m (4y, Om) + 3m either side, resulting in an age range of 45m (3y, 9m)
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to 51m (4y, 3m). Given that our age criteria for Study Four overlaps two of the groups
within our sample for Study Three, it makes behavioural comparisons between the two
tasks more difficult. Comparisons between the studies thus far have focused on the 4-
year-old group from Study Three. However, the age range tested in Study Four is not
only narrower than the 4-year-old group in Study Three (6m instead of 12m) but also
shifted towards a younger population (3y, 9m — 4y, 3m instead of 4y, Om — 4y, 11m).
This difference could account for the slight decrease in performance seen across all

conditions as compared to the slightly older 4-year-old group in Study Three.

In summary, this chapter has discussed the findings from two Experiments: an
online behavioural study and a follow-up fNIRS study using the same task. Here, we
developed a new task with which to compare the inhibition of imitative and non-
imitative response tendencies in young children. Our findings have demonstrated not
only good efficacy of the task but have also shown glimpses that there might be

something ‘special’ about the inhibition of imitative tendencies.
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Chapter 5

General Discussion and Conclusion
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5.1 General discussion

As humans, we are all products of our environments. This creates a constant need
to suppress any behaviours that are maladaptive to the current situation. Supressing our
behaviours requires the use of inhibitory control — an important executive function
which sees a particularly substantial period of development between the ages of three
to five years. The overarching aim of this thesis work was to shed light on the
development of inhibitory control and the extent to which it is applied when inhibiting
imitative responses. One problem is that inhibitory control is difficult to measure since
it cannot be easily isolated from other executive functions such as WM. Early studies
of inhibitory control using SRC tasks employed a control condition to try and best
measure the WM demands of the task (Diamond et al., 2002; Gerstadt et al., 1994;
Simpson & Riggs, 2005a&b). Since these early studies, the control conditions are
seldom used, though the assumption remains that SRC tasks are always a good measure
of inhibitory control. In addition, much of the existing literature provides little or no
information about the way in which young children are taught the rules of the task,
which could also have an impact on their performance. In light of the replication crisis
(Shrout & Rodgers, 2018), one of the key aims of this thesis was test the assumption
that SRC tasks provide a good measure of inhibitory control, and to standardise the way

in which children are taught the rules of an SRC task.

Another key aim of the current thesis was to investigate whether there is an
association between the inhibition of imitative and non-imitative prepotent response

tendencies in young children. Inhibitory control is defined as a domain-general process,
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and so it is often assumed that there is a single neural network specifically dedicated to
the process of inhibition (Aron et al., 2004). However, research from the adult literature
has challenged the assumption that this domain-general process is used for inhibiting
all types of response. Based on an observation made by Luria (1966) that patients with
prefrontal lesions demonstrated heightened imitative tendencies, Brass and colleagues
(2003; 2005; 2009) sought to investigate whether this effect was due to a lack of
inhibitory control. In their seminal research, they demonstrated a double dissociation
between the inhibition of imitative and non-imitative responses in patients with frontal
lesions (i.e. those patients who demonstrated deficiencies inhibiting imitative responses
did not necessarily demonstrate deficiencies inhibiting non-imitative responses; Brass
et al., 2003). In the current thesis it was argued that by studying young children, we
might gain useful insights into the current debate given their developmental immaturity
and resulting variability. Based on Brass and colleagues’ findings, one might expect
young children who have underdeveloped inhibitory control to display behaviours
similar to those of echopraxia patients, showing a pervasive tendency to copy others.
This led us to question whether poorer inhibitory control in children could be related to

a greater tendency to copy others’ actions.

The final aim of this thesis was to investigate the neural mechanisms involved in
inhibiting imitative responses. Following on from their findings of double dissociation,
Brass and colleagues (2005) conducted neuroimaging studies which implicated a
domain-specific neural network, mainly involving social brain areas, underlying the
inhibition of imitative responses. This suggested that there might be something ‘special’

about the inhibition of imitative response tendencies (Brass et al., 2005). Whether or
150



not imitation inhibition is facilitated by a domain-specific network or not has been
debated in the adult literature with mixed results (Darda & Ramsey, 2019). Thus far, no
studies have sought to investigate the inhibition of imitative responses in young
children. In the current thesis, we introduced to study of imitation inhibition to the
developmental population with the hope that this might provide valuable insights into

the inhibition of imitative responses.

In summary, the four studies contained within this thesis aimed to answer the

following key questions:

e Q1: What is the best way to measure inhibitory control in young children?

e Q2: Is poorer inhibitory control in children related to a greater tendency to
copy others’ actions?

e Q3: What are the neural mechanisms involved in inhibiting imitative
responses? Is the inhibition of imitative responses ‘special’ in that it involves
activation of the social brain network rather than the domain-general
inhibitory control network?

The remainder of this chapter will first present a summary of the main findings

of this thesis, and then go on to relate these findings back to the research aims as well
as the wider literature. This chapter will also consider the limitations of the studies

contained within this thesis and provide some potential directions for future research.
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5.2 Addressing the Research Questions

5.2.1 Research Question One

In the wake of the replication crisis (Shrout & Rodgers, 2018), one of the aims
of the current study was to unequivocally establish a good measure of inhibitory control.
Chapter two presented children aged three, four, and five years with a new SRC task
(the TIC task) which was based on the principles of the Grass-Snow task. In this task,
children’s performance on four conditions was compared: Inhibition with feedback,
Inhibition with no feedback, Control with feedback and Control with no feedback. In
the feedback conditions, children were given accuracy feedback after every
experimental trial as a constant reminder of the rules, in an effort to reduce the WM
demands of the task for young children. We also integrated the rule teaching into the
task itself, in an effort to standardise the way in which young children are taught the

rules of an SRC task.

The results of the TIC task demonstrated that overall, accuracy was lower and
reaction times were longer on the Inhibitory conditions than on the Control conditions.
These differences were larger in younger children. Accuracy on the control conditions
was consistently high across all age groups (3-, 4-, and 5-year-olds). The finding that
children performed poorly on the inhibitory condition but highly on the control
condition, suggests we can be confident that the TIC task was truly measuring the

construct of inhibitory control.

Regarding the use of feedback to test the WM demands of the TIC task, the

results suggested that whilst providing accuracy feedback improved children’s scores
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on the Inhibitory conditions, it made no difference to their scores on the Control
conditions. This is likely because performance was already close to ceiling, even in the
3-year-old group. Given children’s high performance on the control condition at all
ages, we were able to demonstrate that providing accuracy feedback was not beneficial
for young children, since even the youngest children in the sample (36-month-olds)
were already able to remember and apply the rules of the task. In addition, we also found

that providing accuracy feedback resulted in slower reaction times for all age groups.

We suspect that the time it took to provide accuracy feedback in-between trials
meant that the trials in the No-Feedback conditions were more fast-paced than the trials
in the Feedback conditions, which may have contributed to the increased accuracy and
slower reaction times seen in the Feedback conditions. Indeed, previous research has
suggested that slower responding reduces the inhibitory demands of the task (Kostyrka-
Allchorne et al., 2017, 2019b). Children’s high accuracy on the control conditions
coupled with their slower responding on Feedback conditions led to the conclusion that
providing accuracy feedback was not beneficial, and thus the feedback condition was

omitted on later versions of the task as seen in Chapter Four.

We did, however, find that standardising the task instructions was beneficial. By
doing this, every child is taught the rules in exactly the same way, creating a consistency
not seen in previous inhibitory control studies. Children’s high levels of performance
on the control conditions was an indicator that even children as young as 36 months
were able to learn and apply the task rules. Moreover, when applying Petersen and

colleagues’ (2016) “useful age range” (as measured between 20% and 80% accuracy)
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to the TIC task, we are able to determine that the task may be suitable for children as
young as 28-months-old. Comparison of the TIC task to other similar tasks described
in the Petersen review (2016) suggests that the developmental trajectory in accuracy is
consistent with these other tasks, with the TIC task demonstrating an upper limit of 56
months (figure 2.4 shows a plot of these trajectories for visual comparison). With the
exception of the Reverse Categorisation task, the TIC task may be slightly easier than
some of the other tasks. However, our data also show that using reaction time as an
additional measure enables the useful age range of the TIC task to be extended, making

it a good measure of inhibitory control from a child’s third birthday up until their sixth.

To summarise, the use of a control condition in the TIC task enabled us to draw
several conclusions. Firstly, we were able to determine that the working memory
demands of the task were low for even the youngest children in the sample (36-month-
olds), meaning that they were able to remember and apply the TIC task rules. Secondly,
we were also able to demonstrate that our standardised rule teaching was effective for
all children. Taken together, these data provided good empirical evidence that the TIC

task is indeed a good task with which to measure inhibitory control in young children.

5.2.2 Research Question Two

The second research question of this thesis was ‘Is poorer inhibitory control in
children related to a greater tendency to copy others’ actions?’. It is clear from the
literature that children are prolific imitators, to the extent that they will imitate

unnecessary actions, even at the expense of the efficiency of the task (McGuigan et al.,
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2007). There is also research to suggest that imitating the actions of another person is a
prepotent response tendency since observing an action has been shown to activate the
corresponding motor representations of the action within the brain of the observer
(Iacoboni et al., 1999). Given that prepotent response tendencies require the use of
inhibitory control in order to be suppressed when necessary, we proposed that there
could be a link between children’s inhibitory control capabilities and their tendency to

overimitate.

The aim of Chapter Three was to investigate this possible association between
inhibitory control and imitation in young children. Due to the COVID-19 pandemic and
the inability to collect new data at that time, the use of an existing data set was
necessitated. In this data set, three-year-olds’ imitative tendencies were measured using
an overimitation task in which children are observed to see if they copy the unnecessary
action performed by an adult model. Children’s scores on two different inhibitory
control tasks - a Go/No-go (GNG) task and the Early Childhood Inhibitory Touchscreen
Task (ECITT; a spatial compatibility task) were correlated with the number of instances
in which children demonstrated overimitative tendencies. We had hypothesised that
children who demonstrate higher overimitative tendencies might do so because they

lack the inhibitory control to be able to suppress this prepotent tendency to imitate.

The analyses did not find a correlation between the overimitation task and either
of our measures of inhibitory control (the GNG task and the ECITT). However, the
analysis was significant when a median split grouping variable was created to assess

the difference in children’s overimitation scores between the high scoring GNG group
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and the low scoring GNG group. Somewhat surprisingly, it was found that children who
scored higher on the GNG task demonstrated igher overimitative tendencies, not lower
as predicted. In light of this result, one of the explanations put forward in Chapter Three
was that children with good inhibitory control (with higher scores on the GNG task)
may also have good WM. Having better WM might therefore enable children to better
remember and then re-enact the sequence of actions demonstrated by the adult in the
overimitation task. Thus, as children’s executive function develops, so too might their
ability to score higher on the GNG task and their likelihood of demonstrating greater

overimitative tendencies (by being able to better remember the sequence of actions).

Because of the issues surrounding the use of a median split grouping variable
(McClelland et al., 2015), we acknowledged that this interpretation must be tentative.
However, it did seem to hint at a possible association between inhibitory control and
imitation which warranted further investigation, which we went on to do in Chapter
Four. However, given that most inhibitory control tasks test an immediate inhibitory
response to a stimulus, it was considered that the overimitation task might not be the
best task to use to assess the inhibition of a prepotent imitative response. For this reason,
the studies in Chapter Four used better-matched tasks to investigate the inhibition of

imitative and non-imitative responses in young children.

5.2.3 Research Question Three
One of the main aims of Chapter Four was to discern whether the inhibition of

imitative responses is different from other types of inhibition —i.e. whether it is a special
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domain-specific process. Chapter One introduced the current debate within the adult
literature in which there seems to be a double dissociation between the inhibition of
imitative responses and the inhibition of non-imitative responses (Brass et al., 2003).
Brass and colleague’s follow-up study implicated social brain areas such as the TPJ and
the mPFC in the inhibition of imitative responses, which contradicted the previous
assumption that all types of inhibition are underpinned by a designated domain-general

inhibitory mechanism.

This contradiction was revisited by Darda and Ramsey in 2019 with their meta-
analysis in which they sought to shed light on the debate of whether the inhibition of
imitative responses is supported by a domain-specific neural mechanism associated
with the social brain network. The results of their meta-analysis suggested that the TPJ
was found to be activated during Imitation Inhibition studies but the mPFC was not. In
addition, consistent bilateral activation of the dIPFC and the rIFG were found — which
they regarded as part of a larger MD network (Darda & Ramsey, 2019). However, it
should be noted that this meta-analysis concentrated only on studies which had used the
Imitation Inhibition task — there was no comparison between activation on this task and

activation on a non-imitative task, as was done in the current thesis.

Indeed, in Study Four we found evidence to suggest that both tasks elicited
activation of the rIFG, rTPJ, the right mPFC and the right and left dIPFC when
compared to the activation seen in the baseline condition. It is only when comparing the
difference in activation between the two tasks that it is really possible to tell the

differences in the neural mechanisms. By doing so, we discovered that the activation of
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the rTPJ was slightly stronger in the Imitation Inhibition task (though not significantly).
Our results are presented with some caution, given that greater activation was elicited
by the Control conditions than the Inhibition conditions. One possible suggestion for
the Control condition eliciting greater activation than the Inhibitory condition is that
children may have found a way to reduce the WM demands of the Inhibition task by
consolidating the task down to one rule: ‘point to /do the opposite’. Such consolidation
of the rules is not possible in the Control conditions since the stimuli and the required
responses in this condition are not opposites. On the Control conditions then, children
must still remember two rules: give response a for stimuli B and give response b for

stimuli A.

Having said that, the behavioural results are highly suggestive that children
found the Inhibitory conditions harder than the Control conditions (as evidenced by
their higher performance on the controls). Generally, if a task is more taxing, the
cognitive demand is higher and as such, it elicits greater levels of neural activation.
Whilst it is possible that children both found the Inhibitory conditions hard because of
the inhibitory demands, and the Control conditions hard because of the WM demands,
it is very hard to interpret the current finding that the behavioural results seem to
contradict the neural results. It is therefore possible that whilst the inhibitory demands
were higher on the Inhibitory conditions than the Control conditions (as evidenced by
children’s poorer performance on the Inhibitory conditions), the WM demands were
higher on the Control conditions than the Inhibitory conditions. Of course, the
contradiction between the behavioural results and the neuroimaging results makes it

very difficult to assess which of the conditions were more or less difficult for children,
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or indeed whether this was even the reason for children’s greater activation on the
Control conditions. As such, further testing is required to see whether this finding

replicates.

The finding that the right mPFC was activated during both tasks is also a little
difficult to interpret. Indeed, whilst some evidence has suggested that the mPFC is not
consistently activated during an Imitation Inhibition task (Darda & Ramsey, 2019) and
other evidence suggests that it is activated during an Imitation Inhibition task but not
during a non-imitative task (Brass et al., 2005), the current work presents yet another
contradiction with the finding that it was recruited during both tasks. It is not clear
whether this contradiction is associated with differences between adults and children,
or differences between the Stroop task and the Grass-Snow task, or something else
entirely. There is a possibility that the mPFC could play a role in WM (Lui et al., 2014;
Smith et al., 2018). Given that children have poorer WM than adults it would therefore
make sense that the mPFC might be recruited more in a developmental population.
Another possibility is that the optode placement may have resulted in the measurement
of another prefrontal area. Indeed, our array design meant that there were only two
channels over the mPFC, and since we did not have individual neural scans from the

children it was difficult be certain that the intended ROIs were being measured.

We also consider the findings of the rTPJ. Whilst the difference was not
significant, there was a trend towards the Imitation Inhibition condition eliciting greater
levels of activation than the Pointing Inhibition condition over this area. On the one

hand, this finding seems to support the theory that the inhibition of imitative responses
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is different from other responses and involves the rTPJ (Brass et al., 2003; 2005). On
the other hand, the increase in oxyhaemoglobin (HbO2) was also accompanied an

increase in deoxyhaemoglobin (HHb) which is not a canonical response.

A canonical haemodynamic response is characterised by an increase in HbO»
(since the increased blood flow brings additional oxygenated blood to the region) and a
decrease in HHb (as this reflects the amount of oxygen which is absorbed by the brain
tissue - Lachert et al., 2017). In this way, a synchronous increase in both HbO, and HHb
should not be possible. Yet there have been other instances of this occurring in the
literature with young children (e.g. Li et al., 2021). In a review of the infant literature
(Cristia et al., 2013), almost 10% of studies were found to demonstrate an increase in
HHb following stimulus presentation. Cristia et al. (2013) propose that because HHb
concentrations are generally smaller in magnitude than HbO, concentrations, they are
more likely to be affected by noise within the data. However, in Study Four, no
significant motion artefacts were identified, after the applied corrections, suggesting
that the data over this channel was not particularly noisy, so this explanation also seems

unlikely.

We do acknowledge that there is some controversy about whether increase in
total haemoglobin (HbT) an increase in HbO», or a decrease in HHb provides the best
measure of ‘activation’ (Cristia et al., 2013; Obrig et al., 2010). But despite the
suggestion that HHb concentrations are more susceptible to noise, there is also an
argument that HHb signal provides a more sensitive measure of concentration change

because it is less affected by physiological factors such as heartbeat and breathing than
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HbO; (Obrig & Villringer, 2003). In the current study we determined activation as either
an increase in HbO; or a decrease in HHb. This was in preference to using total
haemoglobin as a measure of activation, since this seemed to be a less sensitive

meceasurc.

5.3 Limitations & recommendations for future research

Due to the COVID-19 pandemic, the course of this thesis was altered. One of the
alterations made was to analyse an existing data set, which was necessitated due to the
inability to collect any face-to-face data for a prolonged duration. Another alteration
was presenting an inhibitory control task to young children in an online study rather
than a face-to-face one. Both of these alterations were associated with several

limitations which will now be discussed in further detail.

In Chapter Three, we presented an analysis of an existing data set. In this data
set, 3-year-old children were tested on a battery of studies, which included an
overimitation task, a GNG task and the ECITT. Given that one of the overarching aims
of the current thesis was to investigate whether poorer inhibitory control in young
children might be related to a greater tendency to copy other’s actions, we had hoped
that this data might provide some useful insights. Unfortunately, the sample sizes were
smaller than would have been ideal, resulting in the correlational analyses being
underpowered. The results of these analyses suggested that there was no relationship
between children’s scores on an overimitation task and their scores on either the GNG
task or the ECITT. Furthermore, the median split analyses produced a significant effect

for the GNG task but not the ECITT.
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A potential contributing factor to the non-significant result was the
methodological differences between the ECITT and the overimitation task. For
instance, the ECITT measures a child’s ability to respond to stimuli by switching from
the prepotent location to the alternative location, thus providing a measure of spatial
compatibility. Conversely, the overimitation task was a measure of children’s tendency
to copy the irrelevant action within a sequence of actions demonstrated by the
experimenter. This required children to observe, remember and then recall the entire
sequence of actions except for the irrelevant action. Since a /ow overimitation score
reflected a lack of imitation (e.g. less occurrences of imitating the irrelevant action in
the sequence), the assumption might be that these children are successfully inhibiting
their imitative tendencies. However, it could instead be the case that children who
overimitate less do so because they lack the WM capacity to remember the entire
sequence of actions. In this way, we must be cautious about the way we interpret
children’s scores on the overimitation task in relation to their ability (or not) to inhibit

their imitative tendencies.

Had we been able to collect our own data, it is unlikely that we would have
chosen an overimitation task as a measure of children’s imitative tendencies. With the
benefit of hindsight, our suggestion was that a task that requires a more immediate
suppression of one’s imitative tendencies may be beneficial for investigating the
inhibition of imitative tendencies. Indeed, inhibitory control may be more likely to be
employed in situations in which children need to inhibit a faster response, for instance

when inhibiting the tendency to copy someone else’s actions in real time.
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Based on the limitations in Chapter Three, the tasks used to investigate the
inhibition of imitative and non-imitative response tendencies in Chapter Four were
considered carefully. As a measure of non-imitative inhibitory responses, the Grass-
Snow-like task presented in Chapter Two was used since this was found to have good
efficacy even with children as young as 36 months. The measure of imitative inhibitory
responses was an Imitation Inhibition task much like the Hand Game task described by
Hughes (1998). Children’s performance on these two tasks were then compared in an
online study, which was necessitated due to the measures introduced to combat the
COVID-19 pandemic. Because of this, we were only able to make accuracy

comparisons between the two tasks.

Running an online task with young children presented some significant
limitations. Firstly, the task set-up was complicated. For instance, the software would
only run on a laptop or a pc, not a tablet or phone and required parents to install software
to enable the task to run. It also required the experimenter to use Zoom’s ‘Remote
Control’ feature, in order to take control of the participants screen to be able to run the
task. Secondly, the exclusion rates were very high compared with the face-to-face
versions of the task (in Chapters Two and Four). In the online study, 14 children were
excluded because they were unable to stay on-task for the duration of the four
conditions, resulting in incomplete data sets. In addition, eight participants were
excluded from the final sample because the video footage of the sessions were not
sufficient to enable accuracy analysis due to internet connection and lagging. Given that
there were no exclusions in the study presented in Chapter Two (which had an identical

age range of 36 to 72 months), this indicates that the high rate of exclusions in Study
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One was associated with the study being conducted via an online medium. The findings
from the current thesis provide several avenues for future research. The task developed
throughout this thesis has standardised the way in which SRC task instructions are given
to children. Throughout this research, we have shown that our task is indeed a good
measure of inhibitory control in young children. Future research can build on the work
presented here by using this task to further investigate the inhibition of imitative and
non-imitative responses in a developmental population. It is possible that this task can
be used in its current form in the future without the need to administer the control
condition. That being said, we highly recommend that when making any changes to the
task methodology (e.g. stimuli or responses) the control condition be added to be sure

that the task remains a valid measure of inhibitory control.

It would also be prudent to further investigate the role of the rTPJ in the
inhibition of imitative responses in a larger sample size using the task introduced in
Chapter Four. A larger sample size would allow for correlational analyses between the
imitative and the non-imitative inhibitory conditions as well as between behavioural
performance and neural responses. It may also be beneficial to use a NIRS system with
a larger optode capacity, since having a system with only eight sources and eight
detectors limits the number of available channels to test each region of interest (ROI)
with. A digital optical localisation mapping tool may also provide a better accuracy of

cap placement than visual inspection alone.
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5.4 Conclusions

In this thesis, a new touchscreen SRC task (the TIC task) was introduced to
measure inhibitory control in young children in which rule teaching was standardised.
Additionally, a feedback condition was implemented to test whether the WM demands
of the task could be reduced in an effort to improve young children’s performance. The
data have demonstrated that providing accuracy feedback was not beneficial, since
children did not struggle to remember and apply the rules of the task. We have also
shown that standardisation of the rule teaching was successful, opening up future

avenues for the use of the TIC task in the study of inhibitory control in young children.

The work in this thesis has also investigated whether children with poor
inhibitory control might have a tendency to demonstrate greater imitative tendencies.
Our findings demonstrated the opposite — that children with poor inhibitory control
seem to imitate /ess. Having considered that the tasks used to make these comparisons
might have had substantially different WM demands, the subsequent work carried out
in this thesis used better-matched tasks with which to compare young children’s

inhibition of imitative and non-imitative response tendencies.

In an online study we demonstrated that these tasks appeared to be a good
measure of inhibitory control in young children. As such, they were used in an fNIRS
study which found evidence of greater activation of the rTPJ during the inhibition of
imitative responses than during the inhibition of non-imitative responses. Despite being

more in line with the domain-specific account of imitation inhibition, future research is
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needed to replicate these findings since an uncanonical activation of both oxygenated

and deoxygenated haemoglobin was found.

To conclude, the work contained within this thesis has provided insights from
behavioural and fNIRS research into the role of inhibitory control in resisting imitation
in young children. Whilst we have only scratched the surface, we believe that the
methodologies introduced in these studies hold great potential for further investigation
into the inhibition of imitative and non-imitative response tendencies in young children

during this salient period of brain maturation.
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