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ABSTRACT
Executive functioning (EF) follows a protracted course of development,
emerging in early infancy and continuing to develop throughout childhood, adolescence
and early adulthood, before declining in older age (Diamond, 2006; Zelazo, Craik, &
Booth, 2004). Despite this, the majority of developmental research has focused on the
emergence of EF before age 5 (Best, Miller, & Jones, 2009). Recent research also
suggests that EF can usefully be separated into hot (more emotionally driven) and cool
(more abstract) factors (Kerr & Zelazo, 2004), and that these factors likely have distinct
neural underpinnings (Bechara, Damasio, & Damasio, 2000). The current program of
research investigated the development of hot and cool EF in a sample of 126 (59 males
and 67 females) typically developing Australian 5 to 12-year-old children. Six different
behavioural measures of EF (three hot and three cool) were administered.
The first study examined and compared the age-related development of hot and
cool EF in a series of cross-sectional age-group comparisons. Age-related
improvements were observed on all six EF tasks. Across the age-range studied, all EF
tasks showed a linear relationship with age. Analysis using composite measures of hot
and cool EF showed no significant differences in the rate of development between hot
and cool EF, suggesting that hot and cool EF develop at similar rates across middle
childhood. Factor analysis of the EF tasks also supported a single factor solution.
Thus, the first study did not find evidence supporting a hot-cool EF distinction during
middle childhood.
The second study examined the relationships between hot and cool EF and a
range of important functional outcomes; intelligence, academic achievement, and social
competence. The potential moderating influence of EF on the relationship between
temperament (behavioural inhibition system and behavioural activation system
sensitivity) and psychological difficulties (internalising and externalising problems) was
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also explored. The general finding was that hot and cool EF had different relationships
with measures of intelligence and academic achievement, evidence supporting a hotcool EF distinction. Hot EF was significantly associated with verbal measures of
intelligence and academic achievement such as Vocabulary and Reading, whereas cool
EF was more strongly related to abstract reasoning tasks such as Matrix Reasoning and
Mathematics. Unexpectedly, neither hot nor cool EF was associated with a measure of
parent-reported social competence. However interesting differences were observed
between hot and cool EF in their moderating influence on the relationship between BAS
sensitivity and externalising problems, and between BIS sensitivity and internalising
problems. Hot EF exacerbated the relationship between BAS and externalising
problems. In contrast, there was a trend for hot EF to buffer the relationship between
BIS and internalising problems, and for cool EF to exacerbate this relationship.
In summary, this project makes an important contribution to the existing research
regarding the development of EF by including a broad set of hot and cool EF tasks
within a single sample, and across a wide age-range within middle childhood. Overall,
the two studies provide mixed evidence of a hot-cool EF distinction during middle
childhood, and corroborate the importance of including both hot and cool EF
components in a comprehensive assessment of EF.
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CHAPTER 1.
Introduction to Executive Functions
Executive function (EF) is a relatively broad term referring to a range of
processes supporting complex, goal-directed behaviour, particularly in situations that
are novel or require conscious effort or control (Diamond, 2006; Zelazo, Muller, Frye,
& Marcovitch, 2003). Indeed, the terms EF and self-regulation (at least as it refers to
cognitive processes) are, in essence, interchangeable (Baumeister & Vohs, 2003).
These complex processes follow a relatively protracted course of development,
continuing to improve throughout childhood and well into adolescence and young
adulthood (P. Anderson, 2002; V. Anderson, Northam, Hendy, & Wrennall, 2001),
before declining in older age (Zelazo et al., 2004). Because of its role in planning,
problem solving and decision making, EF is important for functional independence
(Cahn-Weiner, Boyle, & Malloy, 2002), the achievement of which is a critical
developmental aim (Diamond, 2006).
Owing to the general and amorphous nature of EF, various definitions of EF
have been proposed (Baron, 2004; Zelazo et al., 2003). For example, Lezak (1982)
defines EF as “those mental capacities necessary for formulating goals, planning how to
achieve them, and carrying out the plans effectively” (p. 281). Stuss and Alexander
(2000) note that executive control is invoked “when the level of complexity of a task
requires more than routine processing, when old information must be considered in new
ways, or when the information to be processed is novel” (p. 290). Miyake et al. (2000)
refer to EF as “general-purpose control mechanisms that modulate the operation of
various cognitive subprocesses and thereby regulate the dynamics of human cognition”
(p. 50).
Various definitions of EF have reflected both the diverse range of theoretical
orientations of researchers in this field as well as corresponding differences in empirical
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and measurement approaches (Eslinger, 1996). Despite these differences, there is
overarching agreement with the view that EF refers to those higher order cognitive
functions which enable individuals to initiate, plan and sequence behaviour, respond
flexibly to situational demands, and inhibit dominant responses when required
(Eslinger, 1996). Lack of consensus regarding more precise definitions has centred on
the debate about whether EF is necessarily a unitary construct, or can usefully be
divided into components (P. W. Burgess, Alderman, Evans, Emslie, & Wilson, 1998).
Neuropsychological models of EF have emphasised the metacognitive nature of
EF (Baron, 2004). This is a functional approach that follows the ideas of Luria (1973)
and encompasses the self-regulatory mechanisms supporting goal-directed behaviour
(Zelazo et al., 2003). In keeping with this approach, global measures of EF that require
the integration of a variety of cognitive skills within a relatively unstructured or
ambiguous framework have been developed. Examples of such measures include the
Wisconsin Card Sorting Task (WCST; Grant & Berg, 1948) and the Tinker Toy Test
(Lezak, 1982). Although these measures have been shown to be sensitive in
discriminating people with frontal-lobe injury from unimpaired people, a limitation of
this approach is that global measures do not allow precise determination of the cognitive
processes that support task performance (Miyake et al., 2000; Zelazo et al., 2003).
Additionally there is a so-called “task impurity” problem inherent in these tasks, in that
EFs necessarily operate in conjunction with other non-executive cognitive processes (P.
W. Burgess, 1997; Miyake et al., 2000). Performance on such tasks is jointly
determined by EF ability and the requisite lower-order cognitive functions for that task
(e.g., receptive and expressive language, processing speed, motor function; V.
Anderson, Anderson, Northam, Jacobs, & Catroppa, 2001). Failure to perform the task
might reflect a difficulty with either the executive or non-executive components of the
task.
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An alternative approach to the study of EF has been to identify discrete
dimensions of EF in order to better understand the underlying (lower level) cognitive
processes supporting EF (Miyake et al., 2000; Zelazo et al., 2003). Guided by
theoretical accounts of the cognitive processes thought to support EF (e.g., Baddeley,
1986; Logan, 1985; Smith & Jonides, 1999), tasks have been developed to assess these
specific processes. When these separate, purer measures are administered to
participants and subjected to factor analyses, these studies generally reveal three or four
factors that form a cluster of EF abilities (Diamond, 2006). Intercorrelations amongst
these discrete EF tasks are typically low and are taken as evidence of the non-unitary
nature of EF (Gruber & Goschke, 2004; Miyake et al., 2000). Some care should be
taken in this interpretation, as the aforementioned problem of task impurity could still
account for some of the performance differences between these tasks (Miyake et al.,
2000). However an additional source of evidence for the diversity or fractionation of
EF comes from increasingly sophisticated neuroimaging studies showing engagement
of different brain regions (and more specifically, different regions of the frontal lobes)
associated with different aspects of EF (Gilbert & Burgess, 2008). Primary components
of EF, and evidence regarding their neural substrates are therefore reviewed below.
Components of EF
Several factor-analytic studies have arrived at similar models of EF with three
dissociable underlying components. Miyake et al. (2000) showed that a three-factor
solution consisting of inhibition, updating (of working memory representations) and
shifting (between mental sets) provided a better fit than a unitary, single-factor solution.
Although Miyake et al. validated their factor structure using an adult sample, these
components have been replicated most consistently in studies of children’s EF. Other
components proposed for adults include planning, initiation and sequencing, error
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monitoring, attentional control, and resistance to interference (V. Anderson, Anderson,
et al., 2001; P. W. Burgess et al., 1998; P. W. Burgess & Shallice, 1996; Logan, 1985).
Within a sample of 108 children aged between 8 and 13 years, Lehto, Juujarvi,
Kooistra, and Pulkkinen (2003) also arrived at a three-factor solution involving the
same variables of working memory, inhibition and shifting. These findings are
nevertheless not entirely consistent. St Clair-Thompson and Gathercole (2006)
administered a battery of ten EF tasks selected as measures of shifting, working
memory and inhibition to a sample of 11 and 12 year old children. They found
evidence of separate updating (working memory) and inhibition factors, but no separate
shifting factor. In contrast, within a sample of 172 children aged 9 to 12 years, van der
Sluis, de Jong, and van der Leij (2007) found evidence of separate shifting and
inhibition factors, but no separate updating factor. Amongst younger children (aged 3
to 6 years), some studies have found no evidence of separate factors, with a single factor
solution providing the best fit for the data (Bunch & Andrews, 2012; Weibe, Espy, &
Charak, 2008). This has led to the suggestion that EF components might become more
differentiated with increasing age (Zelazo & Mueller, 2011). Generally however,
inhibition, working memory and shifting are all regarded as important in contributing to
complex task performance (Miyake et al., 2000; van der Sluis et al., 2007). They are
also relatively well defined which allows for more precise experimental testing of
hypotheses (Zelazo et al., 2003). These components are reviewed below. Although a
wide range of EF tasks exists, the tasks reviewed below are those most suitable for
children.
Inhibition. Inhibition refers to the ability to suppress a dominant response when
necessary (i.e., when a previously well learned response would be inappropriate or lead
one astray; Diamond, 2006; Miyake et al., 2000). Within the EF literature, inhibition
refers to a controlled cognitive process rather than the relatively automatic inhibition
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which might occur as a result of reactive processes such as negative priming (Miyake et
al., 2000). Prototypical tasks requiring inhibition include the Stroop Colour-Word Test
and its variants, go/no-go tasks and stop-signal tasks (Baron, 2004). Although the
specific response to be inhibited varies across these tasks, all of them require an
automatic, well-learned response to be inhibited (Miyake et al., 2000).
The Stroop Colour-Word Test has frequently been used as a measure of
inhibition of a dominant response (naming a word) in order to perform a different task
(naming the colour of a word; Baron, 2004). There are a number of different methods
for arriving at interference scores, though all involve some method of comparing the
speed of word reading or colour naming with the speed of naming the colours of words
presented in conflicting colours (Homack & Riccio, 2004). For example, the difference
in time taken to read through a congruent list (e.g., the word “red” printed in red ink,
and the word “blue” printed in blue ink) and an incongruent list (e.g., the word “red
printed in blue ink and the word “blue” printed in yellow ink) can be taken as a measure
of the efficiency of inhibitory processes (Bull & Scerif, 2001).
Go/no-go tasks require an individual to respond as quickly as possible to a given
stimulus (such as a finger tap or visual stimulus on a computer screen), but to withhold
the learned response under certain conditions (Baron, 2004). These tasks therefore
assess the ability to inhibit a learned motor response (Archibald & Kerns, 1999). The
number of commission errors (failure to withhold a response) provides a measure of
inhibition (lower scores indicating better performance; Baron, 2004). A criticism of
go/no-go tasks is that their reliance on a dichotomous, all-or-none measure of overt
behaviour could render the task insensitive to important but subtle differences between
individuals or experimental conditions (Bedard et al., 2002).
In contrast, the stop-signal task provides a method of assessing the latency of
internally generated control, even when behaviour is successfully inhibited (Logan,

Hot and Cool EF Development

6

Cowan, & Davis, 1984). In this task, individuals must respond as quickly as possible to
a visually presented stimulus, but withhold this response in the presence of an auditory
“stop-signal”. The difficulty of the task is varied by dynamic adjustment of the interval
between the visual stimulus and the auditory stop-signal in order to identify the delay at
which an individual is successful on 50% of stop-signal trials. This allows estimation
of the stop-signal reaction time (SSRT) and provides a sensitive measure of response
inhibition (Baron, 2004; Bedard et al., 2002; Logan et al., 1984).
Working memory. The executive aspect of working memory refers to the
active manipulation of information (rather than temporary information storage) and the
ability to monitor incoming information and update representations in order to maintain
task relevant information (Lehto et al., 2003; Miyake et al., 2000). This is based on
Baddeley’s theory of working memory as consisting of a central executive served by
two slave systems (the phonological loop and visuospatial sketchpad; Baddeley, 1986;
Baddeley, 1996). Working memory tasks that tax the dynamic updating of working
memory representations are therefore more likely to assess the integrity of the central
executive than simple working memory span tasks (Lehto, 1996). Tasks previously
used to assess working memory include backward digit span (Gathercole et al., 2008;
Gathercole & Pickering, 2000b), and the Spatial Working Memory task from the
Cambridge Neuropsychological Testing Automated Battery (CANTAB; Luciana &
Nelson, 2002). The Wechsler Intelligence Scales (for both children and adults) contain
a Working Memory Index (WMI) that includes both digit span (forwards and
backwards) and letter number sequencing (Baron, 2005; Lezak, Howieson, Loring,
Hannay, & Fischer, 2004).
Backward digit span is assessed by asking individuals to repeat, in reverse order,
strings of numbers of increasing length. This test therefore determines the maximum
number of objects (digits) that can be manipulated in working memory (Lezak et al.,
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2004). Repeating the information in reverse order requires both storage and
manipulation of information (Gathercole et al., 2008). The CANTAB Spatial Working
Memory task requires individuals to search a display of boxes for a hidden token. The
number of boxes is increased across trials. Once a token has been located in a box, it
will not be found there again in the following sequences. To perform well on this task,
individuals must continually update information held in working memory so as not to
return to search a box where a token has already been found. While searching boxes
more than once within a sequence results in a within-search error, returning to an
already emptied box (from a previous sequence) results in a between-search error. This
test’s computerised scoring procedure also provides a strategy score based on whether
the individual adopts a logical, sequential strategy for searching the boxes (De Luca et
al., 2003).
Shifting. Shifting refers to the ability to switch between tasks, strategies or
mental sets (Miyake et al., 2000; Monsell, 1996) and has also been referred to as
cognitive flexibility or switching (Crone, Ridderinkhof, Worm, Somsen, & van der
Molen, 2004; Diamond, 2006). These terms are used interchangeably within the
literature. As an executive process, shifting refers not to the shifting of visual attention
(mediated by the posterior attention network) but to the higher-level cognitive processes
of disengagement from no-longer-relevant tasks or strategies followed by active
engagement in relevant tasks or strategies (Miyake et al., 2000).
Tasks previously used to assess shifting include the Intra-Extra Dimensional Set
Shift task from the CANTAB (De Luca et al., 2003), and a similar spatial rule-switch
task (Crone et al., 2004). The above tasks require cards to be sorted according to a rule
that must be determined using feedback from each trial. During the task the sorting rule
is changed periodically. Additionally, variants of the Dimensional Change Card Sort
(DCCS) task (widely used to assess EF in early childhood) have been designed to be
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suitable for a wider age range (Zelazo et al., 2004). Although several outcome
measures are available for these tasks, the number of perseverative errors (continuation
of response sets that are no longer appropriate) can be analysed to provide a measure of
shifting ability (Baron, 2004).
Hot versus Cool EF
In addition to identifying the cognitive processes supporting EF, there has been a
move towards greater consideration of affective components of EF (Hongwanishkul,
Happaney, Lee, & Zelazo, 2005; Kerr & Zelazo, 2004; Prencipe et al., 2011). This
research stems from clinical observations of patients with damage to the ventromedial
prefrontal cortex (VM-PFC), who frequently display deficits in real-life decision
making in the absence of impaired intelligence (Bechara, 2004; Bechara, Damasio,
Damasio, & Anderson, 1994; Bechara et al., 2000). Whereas previous research on
decision-making assumed that people make decisions based on some sort of cost-benefit
analysis, more recent research highlights the importance of emotion in decision-making
(Bechara, 2004).
When decision-making concerns events that have emotionally significant
consequences (meaningful rewards or losses) this process is thought to rely on “hot”
EF. In contrast, when problem solving is relatively abstract and decontextualised,
“cool” processes are involved (Zelazo et al., 2003). Although the distinction between
hot and cool EF might be useful and is supported by evidence of a dissociation between
these processes, most real-world situations probably involve the interaction of both
processes, and the distinction is therefore more a matter of degree (Manes et al., 2002;
Zelazo, Qu, & Muller, 2005).
To assess hot EF, researchers have developed measures that involve decisionmaking within a motivational context (Zelazo et al., 2005). These primarily consist of
gambling measures such as the Iowa Gambling Task (Bechara et al., 1994) and its
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variants (Crone & van der Molen, 2004; Manes et al., 2002). The Iowa Gambling Task
is perhaps the most widely used measure (Zelazo et al., 2005). In this task, individuals
are given an initial stake of money and must choose cards from four possible decks.
Each card, when turned, reveals a gain. Infrequently, a card might also reveal a loss.
Individuals are told in advance that some decks are better than others and that they must
try to win as much money as possible. Whereas the advantageous decks yield small, but
consistent rewards and smaller losses, the disadvantageous decks provide high rewards,
but higher (and unpredictable) losses. Typically, adults learn over time to select from
the advantageous decks, though this is not true of individuals with a variety of problems
including damage to the VM-PFC (Bechara et al., 1994), pathological gambling
(Cavedini, Riboldi, Keller, D'Annucci, & Bellodi, 2002), and substance misuse (Ernst et
al., 2003). Young children (aged 6 to 9 years) might also exhibit the same insensitivity
to future consequences as adults with damage to the VM-PFC (Crone & van der Molen,
2004).
Other measures used to assess affective processes in decision making and hot EF
are delay of gratification (most commonly used with preschool children) and delay
discounting (most commonly used with adults; Hongwanishkul et al., 2005; Metcalf &
Mischel, 1999; Shamosh et al., 2008; Steinberg et al., 2009). Both tasks involve a
choice between receiving smaller rewards sooner versus larger rewards later, though in
the case of delay discounting the task is hypothetical. In contrast to gambling tasks that
involve decision making under uncertainty, in delay of gratification and delay
discounting tasks the reward contingencies are explicitly stated. One of the reasons that
delay of gratification measures have been used primarily with young children is that
meaningful delays span only minutes, whereas for older children and adults non-trivial
delays are much longer (hours, days or weeks) and are therefore difficult to test within a
single session (Wulfert, Block, Santa Ana, Rodriguez, & Colsman, 2002).
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Compared with cool EF measures, there are relatively few tasks that have been
designed to measure hot EF. Gambling tasks such as the Iowa Gambling Task are
complex tasks requiring the simultaneous representation (within working memory) of
gains and losses as well as discernment of the higher order rule governing the reward
contingencies (Hongwanishkul et al., 2005). Gambling measures might also fail to
capture the full spectrum of real-life situations in which emotion impacts on decision
making. Of particular interest here are social-reasoning tasks such as theory of mind
tasks. Zelazo et al. (2005) argue that social situations have an inherent motivational
quality since others’ behaviour often has emotional and/or physical consequences for
the individual. In this sense, they propose that social reasoning tasks such as theory of
mind tasks might reasonably be construed as an example of hot EF applied to the
specific problem of social understanding.
Early development of theory of mind (between 3 to 5 years of age) is often
assessed using the false-belief task and its variants (Wellman, Cross, & Watson, 2001;
Wimmer & Perner, 1983). For example, the child is told a story about a boy who places
his chocolate in a cupboard, upon which the boy leaves the room to play outside. While
he is gone, the boy’s mother moves the chocolate from the cupboard to a box. Children
must then indicate where the boy will look for his chocolate when he returns. More
advanced theory of mind tasks also generally involve making inferences about a
character’s behaviour after presentation of a short story or vignette (Happe, 1994;
Liddle & Nettle, 2006).
Individuals with damage to the VM-PFC typically exhibit a cluster of social
difficulties alongside their difficulties with gambling tasks that can include behavioural
excesses and deficits such as empathic failures, misinterpretation of others’ emotions,
and socially inappropriate or disinhibited behaviour (Stuss et al., 2002). Further
evidence supporting commonalities in neurological underpinnings of gambling tasks
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and theory of mind tasks will be reviewed below, along with evidence supporting their
dissociation from cool EF tasks.

Neural Substrates of EF
The terms frontal function and EF have frequently been used interchangeably
within the literature (Denkla, 1996; Stuss & Alexander, 2000). However the
localisation of EF within the frontal lobes is contentious and there is increasing
evidence that optimal EF performance relies on the integrity of the whole brain (Stuss &
Alexander, 2000). This is especially true of the developing brain where specific
functions are less likely to be localised (V. Anderson & Spencer-Smith, 2013). The
frontal lobes, illustrated in Figure 1, consist of three major subdivisions; the primary
motor cortex (movement output), the premotor cortex (movement planning and
integration) and the prefrontal cortex (PFC; C. Watson, Kirkaldie, & Paxinos, 2010).

Premotor cortex

Primary motor cortex

Prefrontal cortex

Figure 1. Illustration of the human brain with shaded sections indicating major
subdivisions of the frontal lobes.

Hot and Cool EF Development

12

The PFC is known for its role in higher cognitive functions (Funahashi, 2004). It
contains a sophisticated network of afferent and efferent pathways; the former providing
the PFC with critical information from posterior association areas and mid-brain
structures, and the latter providing the means for top-down control of information
processing (Petrides & Pandya, 2002). Intact PFC functioning is therefore necessary
but perhaps not sufficient for EF performance.
The debate regarding the unity or diversity of EF has extended to the biological
literature. There is some evidence that EF tasks activate a distributed frontal network
(Duncan & Owen, 2000; Stuss et al., 2002) though this might be due to the diverse and
interacting functions tapped by complex EF tasks (Stuss & Alexander, 2000). In
contrast, there is also increasing evidence that particular tasks activate specific regions
within the PFC, supporting the argument for the diversity of EF (Gilbert & Burgess,
2008; Wagner, Maril, Bjork, & Schacter, 2001).
Cool and hot processes might also have different neural underpinnings.
Neuroimaging studies have revealed that the dorsolateral PFC (DL-PFC) plays a
significant role in working memory (Funahashi, 2001, 2004). The ventrolateral PFC
(VL-PFC) is believed to be involved in executive aspects of attention such as switching
(Tanji & Hoshi, 2008). Although the lateral PFC is likely involved in maintaining rule
representations during task switching, supplementary and pre-supplementary motor
areas in the medial PFC might also be involved in overriding inappropriate responses
when switching between tasks (Crone, Wendelken, Donohue, & Bunge, 2006).
Inhibition tasks have been shown to rely on both dorsal and ventral areas of the lateral
PFC (Konishi, Jimura, Asari, & Miyashita, 2003; Konishi et al., 1999).
While cool EF tasks such as working memory, shifting, inhibition all appear to
rely on the dorsal and lateral PFC, lesion studies indicate that decision-making within
an emotional or motivational context (hot EF) relies on the VM-PFC (Bechara, 2004;
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Bechara et al., 1994; Bechara et al., 2000; Damasio, 1995; Manes et al., 2002). Theory
of mind tasks have also been demonstrated to recruit the VM-PFC (Gallagher & Frith,
2003; Happe et al., 1996), further supporting the overlap between other hot EF tasks,
and theory of mind.
In summary, this chapter has provided a general definition of EF as consisting of
higher-level cognitive processes supporting complex, goal-directed behaviour, and has
outlined the ongoing theoretical and empirical debate regarding the unity versus
diversity of EF. Components of EF including inhibition, working memory and
switching, and the distinction between hot and cool EF have also been described.
Finally, the biological basis of EF, focusing on the role of the PFC, has been discussed.
The following chapter will address age-related development of EF, with a focus on the
developmental period of middle childhood.

Hot and Cool EF Development

14

CHAPTER 2.
Development of Executive Functions
As the highest-order cognitive abilities, EFs are the last to fully mature,
following a protracted course of development throughout childhood and adolescence
and even into early adulthood (V. Anderson, Northam, et al., 2001; Diamond, 2002).
Developmental improvements in EF likely correspond with the maturation of the central
nervous system (CNS), and in particular maturation of the PFC (Diamond, 2002, 2006).
To begin, therefore, major processes in biological brain development and their links to
EF and other cognitive functions are reviewed below.
Biological Brain Maturation Supporting EF Development
Human brain development involves a complex and dynamic interplay between
gene expression and environmental input (Stiles & Jernigan, 2010). Whereas prenatal
CNS development is mostly concerned with structural development, the early postnatal
period is characterised by elaboration of the CNS (V. Anderson, Northam, et al., 2001;
V. Anderson & Spencer-Smith, 2013). Dendritic branching, synaptic connections and
myelination of neurons all increase rapidly in the postnatal period (Martin, 2006; Stiles
& Jernigan, 2010). Childhood and adolescent CNS development is also characterised
by regressive processes of synaptic pruning and cortical thinning thought to be
associated with increasing fine-tuning and specialisation of neural networks (Casey,
Tottenham, Liston, & Durston, 2005; Stiles & Jernigan, 2010).
Although adult levels of development might be reached in some sensorimotor
areas of the brain by 6 months of age, the PFC matures much later (Gogtay et al., 2004;
Huttenlocher & Dabholkar, 1997). Indeed, myelination within the PFC continues well
into early adulthood (Casey et al., 2005; Stiles & Jernigan, 2010). The first period of
rapid prefrontal lobe development occurs towards the end of the first year of life
(Koenderink, Ulyings, & Mrzljiak, 1994), and has been associated with improved
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performance on cognitive tasks such as the A-not-B task (Bell & Fox, 1992). A second
growth spurt involving marked expansion of dendritic trees in the DL-PFC occurs
around age 3 (Diamond, 2002) and has been linked with major gains in inhibitory
control and working memory capacity (De Luca & Leventer, 2008) Additional growth
spurts occur during middle childhood around age 7, again at age 10, and in adolescence
(V. Anderson, Northam, et al., 2001). Rapid improvements on a range of cognitive
tasks during middle childhood appear to be associated with maturation of the DL-PFC
including increases in speed of processing, improved strategy use, working memory,
and attentional control (Diamond, 2002).
These rapid developmental gains provide evidence for both linear and non-linear
processes in EF development, supporting both stage theories of development (e.g.,
Piaget, 1963) and continuous models (e.g., Bandura & Walters, 1963; Thatcher, 1991).
Although white matter appears to increase linearly throughout childhood and
adolescence, changes in cortical grey matter are non-linear and region-specific (Giedd
et al., 1999). The elaboration of connections within the frontal lobes and between the
frontal lobes and posterior association areas appears to occur in stages with various
sections coming “on-line” until the brain reaches functional maturity in adulthood
(Thatcher, 1991). The timing of these neurophysiological events appears to correspond
with developmental gains in performance on neuropsychological tests designed to
measure EF (V. Anderson, Northam, et al., 2001). The process of fractionation and
specialisation of functional neural systems within the PFC spans at least from the
preschool years through to adolescence (V. Anderson & Spencer-Smith, 2013;
Tsujimoto, 2008). This increasing differentiation with age might partly explain why
factor-analytic studies of the structure of EF produce inconsistent accounts across
different age groups.
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Theoretical Accounts of EF Development
Two influential theories of cognitive development that have been applied to the
study of EFs are cognitive complexity and control (CCC) theory (Frye & Zelazo, 1998;
Zelazo & Frye, 1998) and relational complexity (RC) theory (Halford, Wilson, &
Phillips, 1998). According to both theories, the level of complexity in a task is an
important consideration in the development of EF. CCC theory argues that EF
development is closely tied to the maximum complexity of rules that children can
manipulate in solving problems (Zelazo & Frye, 1998). As children develop an
increasing capacity to reflect on rules, they are able to consider them alongside other
rules and thereby formulate a hierarchy of higher order rules to guide planning and
decision making (Zelazo et al., 2003). Although older children and adolescents might
be capable of formulating these higher order rules, doing so is likely to require
considerable cognitive resources (especially working memory and attention) and thus
complex tasks could still prove difficult until the PFC has fully matured (Zelazo et al.,
2004). Greater complexity of rule formulation allows greater flexibility and cognitive
control (as opposed to perseveration), especially when decision-making requires
selecting amongst conflicting alternatives (Zelazo et al., 2003).
RC theory defines complexity in terms of the number of relations that can be
processed in parallel (Halford et al., 1998). For example, the relation “bigger than” has
two arguments (a larger and a smaller object), and is therefore a binary relation.
Ternary relations have three arguments (as in the well-known false belief task that
requires a child to simultaneously hold in mind the event of seeing (or not seeing) an
object being moved, the actual location of the object, and the believed location of the
object). Working memory provides the temporary workspace where relational
representations are constructed (Halford et al., 1998; Halford, Wilson, & Phillips,
2010). The greater the number of interacting variables that need to be considered
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together, the higher the processing demand and greater the difficulty (Halford et al.,
1998). However when tasks can be broken down into simpler binary relational
subtasks, the difficulty is reduced, making the task easier for younger children (Halford,
Bunch, & McCredden, 2007).
CCC theory and RC theory are compatible in many respects, though each of
them makes some different predictions regarding underlying mechanisms of
development and in the specification of the complexity metric (Halford et al., 1998;
Zelazo et al., 2003). EF tasks examined from a RC perspective include hot EF tasks
such as theory of mind (Andrews, Halford, Bunch, Bowden, & Jones, 2003) and the
Children’s Gambling Task (Bunch, Andrews, & Halford, 2007) in 3 to 5-year-olds, as
well as the cool EF Dimensional Change Card Sort (DCCS) task in 3 to 6-year-olds
(Halford et al., 2007).
In an effort to provide a comprehensive theoretical account of EF that
incorporates both hot and cool EF, and integrates cognitive and emotional aspects of
self-regulation, Zelazo and Cunningham (2007) proposed an iterative reprocessing
model of information processing. According to this model, information travelling via
the thalamus and amygdala is first processed rapidly in the orbitofrontal cortex (to make
a simple judgement about whether to approach or avoid a given situation). If these
relatively simple rules are not sufficient to make a decision, the anterior cingulate cortex
(ACC) activates the need for further reflective processing in order to weigh up response
alternatives and generate more sophisticated responses. This more reflective processing
proceeds through a hierarchically arranged prefrontal system from the orbitofrontal
cortex, to the ventrolateral, and dorsolateral PFC. Thus, reflective reprocessing
effectively represents a shift from hotter, motivationally driven decision making to a
cooler process of maintaining and manipulating abstract rules (Zelazo, Qu, & Kesek,
2010). Any situation that elicits a strong approach or avoidance tendency can interfere
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with reflective processing, resulting in impulsive or reflexive behaviour rather than a
more considered, controlled response (Zelazo et al., 2010).
Hot versus Cool EF Distinction in Childhood
Growing interest in the hot-cool EF distinction has led to a small number of
studies seeking to test whether the dissociation observed in adult neuropsychological
studies is also present in children. These studies have yielded some mixed results. For
example, to explore the hot-cool EF distinction amongst 3 to 5-year-old children,
Hongwanishkul et al. (2005) used two cool tasks (the DCCS and Self-Ordered Pointing
task) and two hot tasks (the Children’s Gambling Task and a delay of gratification task).
Although the cool tasks were positively correlated with each other, the hot tasks showed
a negative correlation with each other when age was controlled. Hot and cool tasks
showed different relationships with intelligence and temperament factors, providing
some support for a hot-cool dissociation.
Brock, Rimm-Kaufman, Nathanson, and Grimm (2009) compared hot and cool
EF amongst a sample of 173 kindergarten children. Although hot and cool EF were
moderately correlated (r = .50), their analysis showed that a two-factor model (of hot
and cool EF) fit the data better than a single-factor solution. Additionally, hot and cool
EF showed different relationships with academic achievement and classroom behaviour
(discussed further in the following chapter). Bunch and Andrews (2012) tested the hotcool distinction amongst a sample of 3 to 6-year-old children (N = 120). In contrast
with Brock et al., hot and cool tasks loaded onto a single factor. Bunch and Andrews
did, however, find differences in the rate of improvement on hot and cool tasks, with
children mastering hot tasks earlier than cool tasks. Amongst their sample of
preschoolers, Allan and Lonigan (2011) also found that their battery of eight EF tasks
(four hot, and four cool) was best described by a single factor.
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In a longitudinal study assessing the contribution of early hot and cool EF (at 3
and 4 years) to later academic performance and behavioural problems (at 5.5, 6.5, and
8.5 years), Kim, Nordling, Yoon, Boldt, and Kochanska (2013) found that a single hot
factor distinguished their hot tasks from their cool tasks. However the cool tasks
supported a multi-factor model of inhibition, with separate factors of effortful attention,
motor inhibition and go/no-go function. Hot and cool tasks differentially predicted
academic performance and behaviour problems (discussed in more detail in the
following chapter). Amongst a sample of older children (aged 8 to 15 years), Prencipe
et al. (2011) found that their hot and cool tasks were not differentiated by a separate
factor structure. In sum, the issue of whether hot and cool processes can reliably be
dissociated from each other across development is far from settled. There is some
evidence that hot and cool EF have different relationships with important functional
outcomes in childhood. These will be discussed in greater detail in the following
chapter. First, the nature and course of age-related developments in hot and cool EF is
reviewed below.
Developmental Gains in EF in Middle Childhood
The term middle childhood generally refers to the period from age 6 through 12
years, usually commencing with the transition to formal schooling and ending with the
onset of puberty (Peterson, 2004). Relative to the critical developmental periods of
early childhood and adolescence (e.g., V. Anderson, Anderson, et al., 2001;
Hongwanishkul et al., 2005; Seguin, Arseneault, & Tremblay, 2007; Zelazo et al.,
2003), the intervening period of middle childhood is less often studied. To date, the
majority of developmental research has focused on the emergence of EF (especially
between ages 3 to 5 years) and on executive dysfunction in developmental disorders,
neglecting normal development during later childhood (Best et al., 2009).
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In addition to providing important information about EF development during
middle childhood, a developmental perspective can add to the ongoing debate regarding
the unity or diversity of EF by examining the differential developmental trajectory of
lower-order cognitive functions supporting EF (Best et al., 2009). This should include
assessment of both hot and cool EF within the same sample. Further, developmental
disorders including attention deficit hyperactivity disorder (ADHD) and autism are
characterised by marked EF deficits (Barkley, 1997; Nigg, Blaskey, Huang-Pollock, &
Rappley, 2002; Ozonoff, 1995; Ozonoff, Pennington, & Rogers, 1991; Willcutt, Doyle,
Nigg, Faraone, & Pennington, 2005). A better understanding of how EF development
proceeds within a typically developing population is therefore important before
applying these models to clinical populations. A review of existing research regarding
developmental changes in EF components of inhibition, working memory, shifting and
hot EF is provided below. This review will focus on the developments occurring during
middle childhood. To provide context, important changes in EF development that occur
before age 5, and those that continue to develop into adolescence will also be indicated.
Inhibition
Perhaps the most striking improvement in inhibition occurs during the preschool
years where inhibition errors on Stroop-like tasks such as the Day/Night task decrease
significantly by age 4 (Carlson & Moses, 2001; Sabbagh, Xu, Carlson, Moses, & Lee,
2006). In the Day/Night task, children are instructed to say “day” when shown a picture
of a moon, and “night” when shown a picture of a sun. They must therefore inhibit the
tendency to make a verbal response that is congruent with the picture they have been
shown. Using the standard Stroop Colour-Word Interference Test, steady
improvements in inhibition (as indexed by interference scores) continue throughout
middle childhood (Baron, 2004). Due to its reliance on word reading as the automatic
response to be inhibited, this test has been criticised when used with individuals who
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are not yet proficient readers since little or no Stroop interference would be expected in
beginning readers (MacLeod, 1991). However, many other inhibition tasks also support
the continued development of inhibitory control throughout childhood. For example,
Romine and Reynolds (2005) conducted a meta-analysis of eight studies recording
developmental improvements in perseverative errors on the WCST. Effect sizes were
large between ages 5 and 11, with small but significant improvements between ages 11
and 14. No further gains were recorded beyond age 14 and the performance of 14-yearolds did not differ from that of adults.
Various go/no-go tasks have also been used in child development studies to
assess the substantial age-related improvements in inhibition of motor responses that
occurs during middle childhood (Baron, 2004). Archibald and Kerns (1999)
administered a computerised go/no-go task to 89 children aged 7 to 12 years. Age
accounted for 28% of the variance in commission errors on this task. Similarly, Brocki
and Bohlin (2004) found significant age-related improvements in inhibition amongst
their sample (N = 92) of 6 to 13-year-olds. Their battery of inhibition tasks included a
go/no-go task as well as commission errors on the Continuous Performance Test.
Significant differences were found between the 7.5 to 9.5-year-old group and the 9.5 to
11.5 year old group, reflecting the marked improvements that occur around age 9.
Stop-signal tasks have also been widely used in child research, both in studies of
typical development and disorders such as ADHD and conduct disorder (Band, van der
Molen, & Logan, 2003; Baron, 2004). In a study examining inhibitory control across
the lifespan, Bedard et al. (2002) administered a stop-signal task to 317 people aged
between 6 and 82 years. Planned contrasts showed a significant difference between 6 to
8-year-olds and 9 to 12-year-olds. Similarly, Huizinga, Dolan, and van der Molen
(2006) found age related improvements on the stop-signal task between 7 and 11 years,
and further improvements between 11 and 15 years. The stop-signal task has also been
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shown to be sensitive in discriminating amongst ADHD subtypes. Nigg et al. (2002),
demonstrated the sensitivity of the stop-signal task, showing that children with ADHD
combined type were impaired relative to control participants. However for children
with ADHD inattentive type, stop-signal performance interacted with gender; girls but
not boys were impaired relative to control participants. In summary, the most
significant advances in inhibition occur before age 9. However sensitive measures such
as the stop-signal task demonstrate that additional gains might continue into
adolescence. Best et al. (2009) note that the early development of inhibition (relative to
other EF components) might make the relationship between inhibition and academic
and social outcome stronger for younger than for older children.
Working Memory
Children’s ability to hold and manipulate information in working memory
increases steadily with age (Baron, 2004; Brocki & Bohlin, 2004; Zoelch, Seitz, &
Schumann-Hengsteler, 2005), the underlying structure of working memory being in
place from as young as 4 years of age (Alloway, Gathercole, & Pickering, 2006). After
a period of rapid development during the preschool years, working memory appears to
increase linearly with age throughout later childhood and adolescence (Best et al.,
2009). Because of its strong relationship with academic outcomes, working memory
has been extensively studied in school-aged populations (Alloway, Gathercole, Willis,
& Adams, 2004; Gathercole et al., 2008; Gathercole & Pickering, 2000a). A number of
research and clinical tasks are therefore available for assessing working memory in
children (Baron, 2004). Those chosen specifically to tap the executive component of
working memory include backward digit span (Gathercole & Pickering, 2000a, 2000b;
Zoelch et al., 2005) and spatial working memory tasks which place demands on the
updating function of working memory (De Luca et al., 2003; Lehto, 1996; Luciana &
Nelson, 2002).
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Gathercole, Pickering, Ambridge, and Wearing (2004) administered a battery of
working memory tasks to a large sample of 736 children between the ages of 4 and 15
years. On the more complex working memory tasks (that included backward digit
recall), a significant linear pattern of age-related improvement was observed. A similar
pattern of linear improvement in working memory was observed by Alloway et al.
(2006) amongst a sample of 709 children aged 4 to 11 years. Amongst a sample of 4 to
12-year-olds, Luciana and Nelson (2002) observed age-related improvements in spatial
working memory. Even the oldest children did not reach adult levels of performance on
the more difficult items. Together, these studies suggest that working memory
continues to develop well into adolescence.
Shifting
Important gains in the ability to shift between mental sets are frequently
observed around 3 to 5 years of age, with a steady increase in ability also observed
throughout middle childhood (Zelazo et al., 2004). Perseverative errors on the DCCS
task provide a measure of shifting ability in young children (Zelazo et al., 2003). This
task requires children to sort cards according to a rule (according to their shape or
colour). Target cards remain visible throughout the task, and the child is explicitly told
the sorting rule (unlike the WCST where the sorting rule must be ascertained using
feedback gained on each trial). Using this task, Zelazo et al. showed that 3-year-olds
tend to perseverate, continuing to sort by the first dimension after the sorting rule has
been changed. However by age 5, children are able to sort according to the appropriate
dimension following a change to the sorting rule.
Using a task-switching paradigm, Cepeda, Kramer, and Gonzalez de Sather
(2001) examined the lifespan development of switching performance amongst
individuals aged 7 to 82 years. They found a decrease in switch-cost RT (reflecting
improvements in shifting ability) throughout middle childhood and adolescence, before
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stabilising in adulthood. In contrast, Crone et al. (2004) found that perseverative errors
on the WCST were reduced to adult levels by age 12 with no significant improvement at
age 15. Huizinga and van der Molen (2007) recorded similar results in their analysis of
set-switching performance amongst 7, 11, 15- and 21-year olds. Seven-year-olds made
significantly more perseverative errors on the WCST than 11-year-olds (who were not
significantly different from 15-year-olds).
A pattern of steady improvement in shifting ability during middle childhood has
been documented using the Intra-Extra Dimensional Set Shift task from the CANTAB
(Luciana & Nelson, 2002). This computerised feedback-learning task is an analogue of
the WCST involving shifting between shapes and lines as the relevant dimension. In
terms of the number of stages completed on this task, adult performance was reached as
early as 7 years of age. No data were reported for the number of errors made on this
task. This outcome measure might provide a more sensitive measure of age-related
changes in switching ability (since younger children might take more trials to discern
the sorting rule, even when they successfully complete a stage).
The use of adult tests with children has been criticised by some as they might not
reflect some of the qualitative differences between child and adult cognition (V.
Anderson, 1998; Archibald & Kerns, 1999). An fMRI study showed that children aged
9 – 12 years recruit similar brain regions as adults during feedback processing and risky
decision making, though they might use these regions less efficiently, and respond more
strongly to negative feedback than adults (van Leijenhorst, Crone, & Bunge, 2006).
However a subsequent brain imaging study suggested qualitative differences in the way
that children and adults process feedback learning tasks (van Duijvenvoorde, Zanolie,
Rombouts, Raijmakers, & Crone, 2008). Behavioural data for this experiment showed
that children made more errors after receiving negative feedback than positive feedback.
Imaging results suggested that whereas 8 to 9-year-old children recruit regions of the
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DLPFC in response to cues of behavioural maintenance (positive feedback), adults
showed activation in the same region in response to cues of response adjustment
(negative feedback). Their data suggest that an important qualitative transition in the
mechanisms supporting feedback-learning tasks occurs around 11 to 13 years of age.
In summary, there is now a growing body of literature suggesting that the three
components of cool EF show different developmental trajectories (Best et al., 2009;
Diamond, 2002; Huizinga et al., 2006). Inhibition and shifting ability appear to reach
adult levels first (around age 12), followed by working memory in late adolescence.
Inhibition could be a necessary precursor to the development and refinement of the
other two components by allowing children to “stop and think” and thereby properly
evaluate response alternatives (Best et al., 2009).
Hot EF
The Iowa Gambling Task has been simplified for use with young children
(Children's Gambling Task; Kerr & Zelazo, 2004). Using this two-deck version, it has
been demonstrated that 3-year-olds demonstrate a preference for the immediate rewards
offered by the disadvantageous deck of cards, while by age 4 children are able to choose
from the advantageous deck to obtain a larger net reward over time (Heilman, Miu, &
Benga, 2009; Kerr & Zelazo, 2004). In a study of 3 to 5-year-old children conducted by
Bunch et al. (2007), only 5-year-olds were able to consider three variables together (the
deck, magnitude of gain, and magnitude of loss) in order to make advantageous
decisions on the Children’s Gambling Task. However children of all ages were able to
make advantageous decisions in a less complex, binary-relational version of the task.
For middle childhood, the Iowa Gambling Task has been used with children as
young as 8 years (Lehto & Elorinne, 2003). Additionally, a variant of the original Iowa
Gambling Task has been used to study developmental improvements in affective
decision making. Crone and colleagues retained the basic structure of the Iowa
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Gambling Task, but enhanced the intrinsic motivation of the task by creating a game
with the aim of winning apples to feed a hungry donkey (Crone, Bunge, Latenstein, &
van der Molen, 2005; Crone & van der Molen, 2004). Using this task, they
demonstrated that younger children (aged 7 to 12) display the same insensitivity to
future consequences as patients with damage to the VMPFC and that developmental
improvements could not be explained by an increase in working memory capacity
(Crone & van der Molen, 2004). Further, these developmental improvements in
sensitivity to future consequences are only apparent when losses are incurred
infrequently (Crone et al., 2005).
The Cambridge Gambling Task from the CANTAB allows risky decision
making to be dissociated from delay aversion by slowly increasing (and in a subsequent
set decreasing) the proportion of points that can be wagered in each trial. In this way,
individuals are required to wait longer to place a risky bet (Cambridge Cognition,
2006). Although no published studies using this task with children could be identified,
our informal pilot testing of this task with children as young as 5 years indicated that
this task could be understood and performed by children, and that the points to be won
or lost during the task were appropriately reinforcing.
Another well-established method for studying affective decision making is the
delay of gratification paradigm (Metcalf & Mischel, 1999). Similar to the Children’s
Gambling Task, improvements have been shown between 3 and 4 years of age with 4year-olds choosing to delay immediate gratification in order to obtain the larger reward
(Prencipe & Zelazo, 2005; C. Thompson, Barresi, & Moore, 1997). This paradigm has
been successfully extrapolated for use with an adolescent sample. Wulfert et al. (2002)
showed that by using money as a general reinforcer, and increasing the delay interval to
one week, the ability to delay gratification in the experimental task was predictive of
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self-regulatory problems in other domains including substance use and conduct
problems at school.
Similar to work on EF development, theory of mind research has focused on the
emergence of hot EF in typically developing children between 3 and 5 years of age
(e.g., Andrews et al., 2003; Carlson, Moses, & Breton, 2002), or clinical populations
with theory of mind deficits such as autism (e.g., Baron-Cohen et al., 1999; Ozonoff et
al., 1991). Children’s ability to make inferences about others’ mental states, and to
understand that their own perspective might vary from that of another (or indeed from
reality), undergoes an important developmental gain between the ages of 3 and 5
(Wellman et al., 2001). This improvement has been indexed by the ability of most 5year-olds (but not most 3-year-olds) to respond correctly on tasks such as the false
belief and appearance reality tasks (Wellman, 2002). Performance on theory of mind
tasks has traditionally been linked with the cool EF functions of Inhibition and Working
Memory (Carlson & Moses, 2001; Carlson et al., 2002). However brain imaging
studies indicate that theory of mind performance is dependent upon the functioning of
the medial frontal lobes, which are primarily implicated in hot EF (Gallagher & Frith,
2003; Happe et al., 1996).
Theory of mind continues to develop and be refined during middle childhood.
More complex theory of mind tasks (originally for use in the study of high functioning
autism) have been developed (Happe, 1994; Jolliffe & Baron-Cohen, 1999), and have
subsequently been applied to the study of the development of theory of mind during
middle childhood (O'Hare, Bremner, Nash, Happe, & Pettigrew, 2009). O’Hare et al.’s
results indicate that mentalising concepts such as persuasion and sarcasm might be more
difficult for younger children than concepts such as pretending, lying, false belief and
the appearance-reality distinction (which are generally understood by 5-year-olds).
Happe’s (1994) Strange Stories Test appears to be suitable for the study of theory of
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mind in middle childhood, with 12 year olds still not performing at ceiling on this task
(O'Hare et al., 2009).
Summary
The above review provides ample evidence that higher-level cognitive functions
of hot and cool EF undergo substantial developmental improvements during middle
childhood. These changes are likely underpinned by the ongoing maturation of the
frontal lobes across this age range and beyond (Gilbert & Burgess, 2008; Stiles &
Jernigan, 2010). There is mixed evidence regarding whether hot and cool EF can be
reliably dissociated from each other in childhood, either in terms of the underlying
factor structure, or differences in age-related developmental trajectories. This is an
important area for ongoing study, since the hot-cool distinction might prove useful in
predicting important functional outcomes for children. These relationships are the topic
of the following chapter.
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CHAPTER 3.
Executive Functions and Important Functional Relationships
EF encompasses a range of cognitive skills required for carrying out planned,
purposeful action, responding flexibly to changing situational demands, and inhibiting
prepotent behavioural tendencies when required (Eslinger, 1996). As would therefore
be expected, EF has been linked with a variety of functional outcomes including general
intelligence (Ackerman, Beier, & Boyle, 2005; Friedman et al., 2006), work and
academic performance (Bull & Scerif, 2001; Gathercole, Pickering, Knight, &
Stegmann, 2004; St Clair-Thompson & Gathercole, 2006), and social competence
(Ciairano, Visu-Petra, & Settanni, 2007; Clark, Prior, & Kinsella, 2002; Nigg,
Quamma, Greenberg, & Kusche, 1999). The ability to self-regulate emotions and
behaviour is also important in relation to psychological wellbeing and children’s
socioemotional development (Eisenberg, Hofer, & Vaughan, 2007). A review of major
findings regarding the relationship between EF and these important functional
constructs is provided below.
EF and Intelligence
There is considerable ongoing debate regarding the nature and strength of the
relationship between EF and general intelligence (g; Ackerman et al., 2005; Blair, 2006;
G. C. Burgess, Braver, & Gray, 2006; Colom, Abad, Quiroga, Shih, & Flores-Mendoza,
2008). EF is thought to consist of general cognitive processes supporting problem
solving not tied to any specific content domain, and has been equated by Blair (2006)
with general fluid intelligence (Gf). This view is not without its critics, who argue that
EF (and specific components of EF) are related, but separate constructs to intelligence
(Ackerman et al., 2005; Colom et al., 2008).
The distinction between Gf and crystallized intelligence (Gc; associated with
stored knowledge) was originally made by Cattell and Horn (Horn, 1968; Horn &
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Cattell, 1967; Horn & Cattell, 1978). Revisions of this theory have expanded into a tenfactor model of broad abilities (Horn, 1991) similar to Carroll’s (1993) work, which
identified eight broad (Stratum II) abilities under a broader concept of general
intelligence (Stratum III). The similarities between Cattell-Horn theory and Carroll’s
Stratum II abilities have led to the integration of these theories under the term CattellHorn-Carroll (CHC) theory (Alfonso, Flanagan, & Radwan, 2005; McGrew, 2009). A
criticism of early intelligence tests (including earlier versions of the Wechsler
Intelligence Scale for Children; WISC) has been their emphasis on measurement of
stored knowledge (Gc), which can be impacted on by a variety of factors including
socioeconomic status and access to formal education (Kaufman & Kaufman, 2006).
Development of intelligence testing is increasingly informed by the CHC theory
(McGrew, 2009) and the limited clinical utility of a unitary conception of intelligence
(g) is increasingly acknowledged (Baron, 2004; Hale & Fiorello, 2004). Gf is thought
to assist in the development of Gc over time due to its function of manipulating
information and generating higher order rules to assist in the organisation of knowledge
(Blair, 2006). In addition, the brain regions thought to support performance on tests of
Gf such as the Raven’s Advanced Progressive Matrices include the lateral PFC, the
same brain region believed to support cool EF (J. R. Gray, Chabris, & Braver, 2003).
Thus, these two abilities are clearly interconnected but also separable.
Damasio (1994) observed that adults with prefrontal lobe injury often exhibit
deficits in EF while continuing to perform normally on intelligence tests – a view
subsequently argued to indicate that EF and intelligence are unrelated. However
Duncan, Burgess, and Emslie (1995) proposed that this apparent dissociation could be
better understood as a distinction between fluid reasoning (Gf; which is sensitive to the
effects of prefrontal lobe damage) and acquired knowledge (Gc; which is relatively
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resistant to the effects of prefrontal lobe damage. This approach led to the assertion that
EF and Gf are essentially isomorphic (Blair, 2006; Engle, 2002; Kyllonen, 2002).
Cool EF and intelligence. Of the three cool EF components discussed here
(working memory, inhibiton and shifting) it is working memory that has most been
studied in relation to intelligence (Ackerman et al., 2005; Colom et al., 2008; Conway,
Kane, & Engle, 2003; Friedman et al., 2006; Süß, Oberauer, Wittman, Wilhelm, &
Schulze, 2002). Friedman et al. (2006) showed that updating of working memory was
significantly related to intelligence measures, whereas shifting and inhibition were not
(after controlling for intercorrelations between EF measures). Amongst their sample of
234 healthy young adults, it was shown that EF measures were related in a similar way
to Gf, Gc and full scale WAIS IQ, and that working memory accounted for a significant
proportion of the Gf-Gc correlation.
Duan, Wei, Wang, and Shi (2010) partially replicated Freidman et al.’s (2006)
study with a sample of 11-to-12-year-old children. Their measure of intelligence was
the Raven’s Advanced Progressive Matrices, frequently regarded as a measure of Gf
(Lezak et al., 2004). Duan et al. showed that, after controlling for intercorrelations
between EF measures of updating of working memory, inhibition and shifting, only the
relationship between updating of working memory and intelligence remained significant
(consistent with Friedman et al.’s findings). The choice of intelligence measure in this
study did not allow any comparison between Gf and Gc. In developmental terms, Gf is
thought to support knowledge acquisition (Gc) over time (Blair, 2006; Carroll, 1993). It
is therefore of interest to determine whether the relationship between EF and Gf is
stronger than for EF and Gc within a child population.
A detailed meta-analytic review by Ackerman et al. (2005) involving 86 samples
and a total of 9778 participants sought to address the question of whether working
memory and intelligence are identical constructs. Meta-analytically derived
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correlations between measures of working memory and g, and between working
memory and Gf did not approach unity (estimated true score correlation of .61, 95% CI
.56 to .66 for g, and similar results for Gf). This led the researchers to conclude that
working memory and intelligence are related, but nonetheless different constructs.
A number of researchers have investigated the role of inhibitory processes in the
development of intelligence (Dempster & Corkill, 1999; Harnishfeger & Bjorklund,
1994). Dempster (1991) argued that intelligent behaviour requires both the activation
and manipulation of relevant information, and the suppression of irrelevant information,
and that the role of inhibitory function as it relates to intelligence is too frequently
overlooked. Michel and Anderson (2009) note that much of the developmental research
on this topic conflates age-related and non-age-related changes in inhibition and
intelligence. Using an antisaccade task (a measure of occulomotor inhibition) in a
sample of 90 children aged 7 to 11 years, Michel and Anderson demonstrated that the
age-related contribution of inhibition to Gf was greater than the unique contribution of
inhibition. Once the effects of age were controlled, the relationship between inhibition
and intelligence was not significant. As would be expected based on the CHC theory,
the relationship with inhibition was also stronger for measures of Gf than for g or Gc.
No specific studies examining differences in the relationship between shifting and g, Gf
and Gc could be identified.
In summary, the cognitive processes underlying EF share some overlap with
intelligence. From a developmental perspective, it is also important to distinguish
between age-related and non age-related contributions of EF to intelligence. Tests of
EF might be expected to have a strong association with Gf, and to a lesser extent g and
Gc. Certainly, this relationship would be expected to apply to measures of cool EF,
however the relationship between intelligence and hot EF is less clear.
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Hot EF and intelligence. Standard measures of intelligence have often failed to
account for individual differences in social and emotional functioning (Gardner, 1993;
Nigg et al., 1999). The concept of emotional intelligence emerged in acknowledgement
of this limitation. However, emotional intelligence has been criticised in the
psychological literature for its overly general definition that includes both skills (e.g.,
emotion recognition) and personality traits (e.g., impulsivity; Locke, 2005). In his very
popular book, Daniel Goleman (1995) made some particularly bold claims about the
ability of emotional intelligence to account for the majority of variance in work
performance. Owing to its overly broad definition, an additional criticism of this
research is that emotional intelligence has been generally equated with psychological
wellbeing (Mayer, Salovey, & Caruso, 2008).
In contrast, Mayer et al. (2008) propose a definition of emotional intelligence as
consisting of four sets of skills; accurate emotion recognition (in self and others), ability
to use emotion in decision making, understanding the language and function of
emotions, and managing emotions to facilitate goal attainment. Hot EF tasks designed
to assess individuals’ abilities to make decisions in motivationally significant contexts
(e.g., delay of gratification tasks, gambling tasks) could be argued to rely on such
abilities. Hot EF tasks might therefore provide a useful behavioural index of aspects of
emotional intelligence, and might therefore succeed in accounting for differences in
social functioning where standard intelligence measures have failed.
Bar-on, Tranel, Denburg, and Bechara (2003) compared patients with damage to
the VMPFC (n = 12) to a control group consisting of patients with focal damage to
other parts of the brain not implicated in emotional decision making (n = 11). Although
these groups exhibited no differences in performance on a range of cognitive measures
including intelligence, memory, attention and cool EF, they were significantly different
from each other on a self-report measure of emotional intelligence, and in gambling task
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performance. Patients with VMPFC lesions showed lower levels of emotional
intelligence and poorer hot EF (gambling task) performance. This in turn was
associated with poorer social functioning in terms of employment, social status and
quality of interpersonal relationships. Thus hot EF and emotional intelligence measures
were able to account for group differences in social functioning where cool EF and
intelligence measures could not.
Amongst a sample of 222 Chinese college students, Song et al. (2010) examined
the utility of emotional intelligence and general mental ability measures in predicting
both academic performance and quality of peer relationships. Whereas emotional
intelligence and general mental ability were both significant predictors of academic
performance, only the emotional intelligence measure predicted quality of peer
relationships. This study relied upon a self-report measure of emotional intelligence.
No behavioural task that might be considered to rely on hot EF was included. However
the results within this normal college sample are broadly consistent with Bar-on et al.’s
(2003) study of brain injured adults. Song et al. note that the restricted range (of
intelligence and possibly also emotional intelligence) in their college sample might have
reduced the strength of the associations they found, and have called for more studies to
address this issue in more general academic settings with school-aged children.
Research on the development of hot EF (including theory of mind) appears well
placed to inform understanding of the nature of children’s emotional and social
development (Ford, 2006). Hongwanishkul et al. (2005) examined the relationship
between hot and cool EF and intelligence amongst a sample of 106 children aged
between 3 and 5 years. Consistent with their predictions, and after controlling for
chronological age, cool EF measures were related to intelligence (verbal and
performance IQ) whereas hot EF measures were not. This supported their assertion that
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hot EF might be related to some other form of intelligence (e.g., emotional intelligence,
not measured in their study).
To summarise, the available evidence suggests that cool EF and intelligence are
related, yet distinct constructs (Ackerman et al., 2005). In contrast, hot EF appears to
be unrelated to intelligence (Bar-on et al., 2003; Hongwanishkul et al., 2005). Much
remains to be resolved regarding the nature of these relationships, especially amongst
children whose cognitive and emotional processing abilities are still developing.
EF and Academic Achievement
Success in the classroom requires both abstract reasoning and problem solving
(such as solving mathematical problems, and linking new concepts), and emotionally
significant decision making (such as waiting for one's turn to speak or delaying the
impulse to play in favour of completing set work; Brock et al., 2009). Much new
learning (including academic skills) occurs within a social context where motivation
and emotions are salient. Cognitive development (including language development)
and emotion-related regulation likely interact in complex ways to influence school
performance and other areas of functioning (Eisenberg, Sadovsky, & Spinrad, 2005).
Increasingly, the usefulness of examining both hot and cool aspects of children’s
cognitive functioning as they differentially relate to important outcomes such as
academic skills and behaviour problems is being acknowledged (Kim et al., 2013).
Identifying specific EF components that are important for academic success might be
important for developing targeted interventions. Better targeting of educational funding
to student needs is currently a topic of robust political debate in Australia following a
major review of educational funding commissioned by the Australian government
(Gonski et al., 2011).
A concise summary of the literature linking EF with academic achievement is
made difficult by the diverse range of theoretical and measurement approaches used in
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these studies. The majority of research examining EF and academic performance
focuses on the contribution of cool EF abilities of working memory (e.g., Bull & Scerif,
2001; Gathercole & Pickering, 2000b; Krumm, Ziegler, & Buehner, 2008; St ClairThompson & Gathercole, 2006; van der Sluis et al., 2007), inhibition (e.g., Blair &
Razza, 2007; Latzman, Elkovitch, Young, & Clark, 2010; St Clair-Thompson &
Gathercole, 2006), and cognitive flexibility or shifting (e.g., Bull & Scerif, 2001;
Latzman et al., 2010; van der Sluis et al., 2007). Others have used more global EF tasks
that require the successful integration of a range of cognitive skills (e.g., Best, Miller, &
Naglieri, 2011; Clark et al., 2002). Very few studies (e.g., Brock et al., 2009; Kim et
al., 2013) have examined the role of hot EF in predicting academic performance. This
is in spite of a somewhat separate body of research that demonstrates the importance of
good emotion regulation for school readiness and academic success (Eisenberg et al.,
2005; Graziano, Reavis, Keane, & Calkins, 2007; Gumora & Arsenio, 2002;
Trentacosta & Izard, 2007).
Reading. It is unsurprising that a complex skill such as reading might be related
to higher level cognitive functions of EF (Cain, 2006a). This is especially true whilst
literacy skills are emerging during the kindergarten and early primary school years
because many types of information must be attended to and manipulated moment-bymoment to extract meaning from the text (e.g., letter-sound associations, word
recognition, the meaning of the text; Cartwright, 2012). A meta-analysis by Booth,
Boyle, and Kelly (2010) examined 48 studies looking at the relationship between EF
and reading disorder amongst school aged children (study samples ranged in age from 6
to 15 years with a median age of 10 years). They concluded that reading difficulties are
associated with general EF deficits, and that the magnitude of this effect is larger when
the language demands of the EF tasks are increased (suggesting both domainindependent and domain-specific effects).
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A number of studies have also sought to examine the role of specific EF
components as they relate to reading. Amongst a sample of 170 kindergarten students
attending the Head Start program, Blair and Razza (2007) found that inhibition was
significantly associated with the pre-reading skills of phonemic awareness and letter
knowledge. Foy and Mann (2013) noted that verbal inhibition was more closely tied to
early reading performance than non-verbal EF skills, supporting Booth et al.’s (2010)
finding that the relationship between EF and reading might be moderated by task
modality. Gathercole and Pickering (2000b) administered a working memory battery to
a sample of 7-year-olds. Measures of working memory (especially tasks placing a
heavy demand on the central executive) were found to discriminate between children
who were performing at or above expected levels on standardised national curriculum
assessments, and those who were failing to achieve at expected levels. Working
memory was also a significant predictor of reading scores amongst a sample of 9 to 12year-old children, although most of the variance in academic performance was
accounted for by a non-executive factor of naming speed (van der Sluis et al., 2007). St
Clair-Thompson and Gathercole (2006) found that both working memory and inhibition
were closely linked with English performance amongst 11 and 12-year-old children.
By age 14, however, Gathercole, Pickering, Knight, et al. (2004) found that
working memory was no longer a significant predictor of English attainment in national
curriculum assessments. They therefore suggest that working memory might be more
important for the acquisition of basic literacy skills, but is unrelated to higher-level
comprehension and analysis. Other studies of adolescents (Latzman et al., 2010) and
undergraduate college students (Krumm et al., 2008) have continued to find an
association between working memory and reading and language performance. Working
memory appears to be important not just for word reading skills, but also for
comprehension (Cain, 2006b).
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Cartwright (2012) has documented the importance of cognitive flexibility for
reading comprehension. Using a task requiring children to flexibly shift between sound
associations and meaning associations in order to complete a word matrix, she showed
that cognitive flexibility predicted reading comprehension (with greater flexibility
predicting better reading comprehension) after controlling for age, phonological and
semantic processing skills (Cartwright, Marshall, Dandy, & Isaac, 2010). Similarly,
van der Sluis et al. (2007) found that shifting ability explained significant variability in
word reading scores in 9 to 12-year-olds (although updating of working memory
showed a larger effect). This effect continues to be observed into adolescence, with
Latzman et al. (2010) finding that cognitive flexibility predicted reading scores amongst
a sample of 11 to 16-year-old male students. In summary, the literature reviewed above
suggests a robust association between cool EF (including inhibition, working memory
and shifting) and important literacy outcomes of phonological processing, word reading,
and reading comprehension.
Mathematics. Similar to reading, mathematics is also a complex academic
domain requiring the coordination of a range of cognitive skills (Bull & Andrews Espy,
2006). Although there are some mixed specific findings, generally speaking, significant
variance in mathematics performance can be explained by measures of EF. Cool EF has
been shown to predict mathematical ability in early childhood (Brock et al., 2009) and
also amongst a sample of 93 seven-year-olds, with each component of EF (working
memory, inhibition and shifting) contributing unique variance in mathematics scores
(Bull & Scerif, 2001). In a longitudinal study of 209 first and second grade children,
Toll, Van der Ven, Kroesbergen, and Van Luit (2011) found a different pattern of
results. Although multiple measures of inhibition, working memory and shifting were
included in their study, only working memory measures were able to discriminate
children with poor mathematical ability from those reaching expected levels. Poor
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working memory predicted low mathematic achievement, even after accounting for
preparatory mathematical knowledge. Similarly, amongst 9 to 12-year-olds, van der
Sluis et al. (2007) found that updating of working memory, but not shifting, was related
to arithmetic performance.
Bull, Andrews Espy, and Wiebe (2008) asked whether measures of EF taken in
preschool (at age 4) would predict academic achievement in third grade (at age 7).
Working memory, inhibition and shifting tasks all predicted mathematics achievement
at the end of third grade. Additionally, when controlling for reading achievement (in
order to partial out domain-general academic ability), visuo-spatial working memory
predicted mathematics scores over and above that accounted for by reading ability. The
strong link between working memory and mathematics performance is supported by an
examination of mathematics scores on national curriculum assessments conducted by
Gathercole, Pickering, Knight, et al. (2004). They recorded a significant association
between working memory and mathematics scores at both 7 and 14 years of age (unlike
English performance which was no longer associated with working memory at age 14).
Amongst a sample of 11 and 12-year-old children, both working memory and
inhibition were significantly associated with mathematics achievement (St ClairThompson & Gathercole, 2006). In contrast, Latzman et al. (2010) found that working
memory and shifting were related to other curriculum areas (reading, science and social
studies), whereas only inhibition was related to mathematics performance. Taken
together, these findings provide strong support for the association between EF and
mathematics performance. The nature of the relationship between specific components
of EF and mathematics performance remains a topic for ongoing study.
Other academic domains. Relatively few studies have examined EF in relation
to other curriculum areas such as science and social studies. Conceptually, the scientific
skill of testing and revising hypotheses requires the joint mental representation of
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predicted versus observed outcomes, a skill that is likely to rely heavily on EF skills
(Gropen, Clark-Chiarelli, Hoisington, & Ehrlich, 2011). Gathercole, Pickering, Knight,
et al. (2004) noted a strong association between mathematics and science performance
amongst their 14-year-old sample, with performance in both academic domains showing
similar associations with working memory scores. St Clair-Thompson and Gathercole
(2006) included a range of EF tasks in their study of 11 to 12-year-old children, and
found that inhibition, but not working memory, was related to science achievement.
Latzman et al. (2010) showed that, amongst their sample of adolescent males, inhibition
and mental flexibility predicted science achievement, whereas monitoring ability
(closely related to updating of working memory) predicted performance in social
studies. Taken together, the range of evidence supports the association between EF and
academic domains beyond basic literacy and mathematics. It seems likely that, despite
some evidence for modality-specific effects (Booth et al., 2010) EF supports domaingeneral reasoning and problem solving that could be applied to a diverse range of
academic pursuits.
Hot EF and academic achievement. As stated previously, relatively few
studies have examined the contribution of hot EF to academic achievement. Early
influential studies by Walter Mischel and colleagues showed that preschoolers ability to
delay gratification was predictive of later success in a variety of life domains including
academic achievement (Mischel, Shoda, & Peake, 1988; Mischel, Shoda, & Rodriguez,
1989). However more recent research contrasting hot and cool tasks and their
contribution to academic performance has not replicated these findings. Brock et al.
(2009) examined hot and cool EF concurrently amongst a sample of 173 kindergarten
children. In this study, hot EF was measured using the Gift Wrap task (in which the
child is asked not to peek whilst the researcher noisily wraps a present for them), and a
Toy Sort task (in which the child was asked to sort toys into bins without playing with
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them). When examined concurrently with cool EF, hot EF did not predict either
academic achievement or behavioural outcomes such as student engagement and
learning-related behaviour.
Kim et al. (2013) followed children longitudinally from 3 to 8 years of age, and
administered a range of hot and cool tasks at 3 and 4 years of age. Consistent with their
hypotheses, cool tasks predicted academic achievement at all later time points (5, 6 and
8 years of age). Hot tasks did not predict academic achievement, but were significant
predictors of later behaviour problems (mother, father and teacher reported). Similarly,
Willoughby, Kupersmidt, Voegler-Lee, and Bryant (2011) found that hot, delay of
gratification tasks were related to behaviour problems (inattentive-overactive
behaviour), but were unrelated to academic achievement (this being related to cool EF).
An exception to this pattern of results is a study by Blair and Razza (2007)
which showed that false belief understanding (a measure of theory of mind argued to
rely on hot EF) was a significant predictor of letter knowledge amongst children in
kindergarten, and a marginally significant predictor of phonemic awareness and
mathematics ability. When false belief understanding was examined concurrently with
a range of cool EF (inhibition and shifting) and cognitive ability measures, inhibition
emerged as the strongest predictor of achievement across the range of academic
outcomes.
In contrast to the above research, by eighth grade, Duckworth and Seligman
(2005) observed that the ability to delay gratification (relying on hot EF) was a stronger
predictor of academic achievement than general intelligence. Similarly, in two linked
studies of 11 to 14-year-old students (in grades 6 to 8), and 14 to 18-year-old students
(in grades 9 to 12), Wulfert et al. (2002) found that choosing an immediate reward on
their delay of gratification task was associated with a cluster of poor outcomes including
low academic achievement, conduct problems, higher levels of substance use and lower
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self esteem. These results are consistent with Mischel et al. (1988) and showed that
delay of gratification measured early in life, or in adolescence can predict adolescent
academic achievement. Given the conflicting findings amongst early childhood and
adolescent literatures, this is an important area for further study. Research is especially
needed across the span of middle childhood, since examination of developmental
changes during this period could assist in understanding these conflicting results. One
possibility suggested by Brock et al. (2009) is that early childhood educators likely
structure their classroom environments to account for under developed self-regulation.
Throughout middle childhood, this environmental support is gradually removed, and
children are increasingly required to self-manage competing demands (e.g., delay
gratification of play in order to complete set work to meet the longer term goal of
academic success).
Taken together, the above review suggests that the contribution of cool EF to
academic achievement is stronger than that of hot EF. The suggestion remains,
however, that hot EF might contribute uniquely to academic achievement, especially as
children become older and are increasingly required to manage their own academic
workload. Further study of hot and cool EF during middle childhood will contribute to
this important topic.
EF and Social Competence
The ability to self-regulate within a social setting is important for the
development of social competence (Green & Rechis, 2006). EF supports the ability to
select and engage in socially competent behaviour necessary for cooperating with others
and forming good relationships with peers (McClelland, Cameron, Wanless, & Murray,
2007). Using global EF measures (requiring integration of a range of higher control
functions) to study adaptive behaviour amongst 12 to 15-year-olds with and without
ADHD, Clark et al. (2002) found that EF measures explained significant variance in a
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measure of socialisation, after controlling for verbal intelligence. Generally, research
examining the relationship between EF and social competence has focused on cool EF
functions, with the strongest effects observed for inhibition.
Inhibition has been shown to predict cooperative problem solving during
preschool years (McClelland et al., 2007) and middle childhood (Ciairano et al., 2007).
Employing a longitudinal design testing 235 children in first, second and third grade,
Nigg et al. (1999) found that EF measures of inhibition and switching administered in
first grade predicted teacher ratings of social competence in third grade (even after
controlling for initial teacher ratings of social competence). Deficits in inhibitory
control have also been associated with socially inappropriate aggressive behaviour in
preschoolers (Raaijmakers et al., 2008). Longitudinally, cool EF deficits have been
shown to precede the onset of behaviour problems, as reported by parents and teachers
(Riggs, Blair, & Greenberg, 2003). This supports theoretical accounts that EF provides
the tools to support children in regulating their behaviour, thoughts and emotions, which
in turn allow children to engage with others in a way that promotes cooperation and
positive relationships (McClelland et al., 2007).
Social situations and interactions are inherently motivational; they often evoke
the desire to be accepted or liked, or other valued outcomes (R. A. Thompson, 1994;
Zelazo et al., 2005). As such, problem solving within social domains might be expected
to rely more on hot rather than cool EF (Zelazo et al., 2005). Dennis, Brotman, Huang,
and Gouley (2007) administered a battery of effortful control measures consisting of
cognitive and motor inhibition tasks, as well as delay of gratification measures to 75
children aged 4 to 6 years. This battery therefore combined measures that would
engage both cool and hot EF. In this study, children were assessed at three time-points
over a two-year period. Effortful control measures predicted social competence both
concurrently, and longitudinally.
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Similarly, Olson (1989) administered a variety of measures of impulsivity to 4
and 5-year-olds, and repeated the tasks one year later. These measures included a delay
of gratification task, and measures of cognitive and motor inhibition. Factor analysis
revealed two separate factors, delay and cognitive/motor inhibition, consistent with a
distinction between hot and cool EF. In this study, both poor ability to delay
gratification and poor cognitive/motor inhibition were significantly associated with
negative peer nominations. However poor ability to delay gratification was also
significantly associated with a measure of social problem solving, the Preschool
Interpersonal Problem-Solving Test (PIPS; Spivack & Shure, 1974). Children who had
difficulty delaying gratification tended to suggest more aggressive, socially deviant
solutions to hypothetical interpersonal problems. Interestingly, they also suggested a
greater number of appropriate solutions.
To the extent that theory of mind can be argued to rely on hot EF, there is
considerable evidence that theory of mind predicts a variety of social and emotional
outcomes. The relationships amongst EF, theory of mind, and social competence are
likely to be complex, showing both direct and indirect bidirectional links (Putko, 2009).
Whereas Riggs, Jahromi, Razza, Dillworth-Bart, and Muller (2006) suggest that theory
of mind might mediate the relationship between EF and social competence,
longitudinally, Razza and Blair (2009) found evidence of reciprocal relationships
between early theory of mind and later social competence, and between early social
competence, and later theory of mind (independent of language ability and EF).
Amongst a sample of 3 to 6-year-old children (N = 52), theory of mind predicted
teacher ratings of peer social interactions after controlling for age and language ability
(A. C. Watson, Nixon, Wilson, & Capage, 1999). Similarly, in a longitudinal study of 5
and 6-year-old children (N = 68), Razza and Blair (2009) found that theory of mind
predicted social competence measures one year later (after controlling for language
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ability and initial ratings of social competence). Theory of mind was also related to
peer ratings of social competence and sociometric status in a study of 128 eleven-yearold children (Bosacki & Astington, 1999), and to teacher ratings of social competence
within a sample of 10 and 11-year-old children (N = 60; Liddle & Nettle, 2006).
To summarise, there is evidence that both cool and hot EF are important for the
development of social competence. With regard to cool EF, it is inhibition that appears
to be especially important (Ciairano et al., 2007; McClelland et al., 2007; Nigg et al.,
1999). With regard to hot EF, delay of gratification (Olson, 1989) and theory of mind
(Bosacki & Astington, 1999; Razza & Blair, 2009; A. C. Watson et al., 1999) are both
significant predictors of social competence. In considering academic and social
outcomes jointly, it is likely that hot and cool EF contribute to both academic and social
domains during middle childhood. This is to be expected given the cool/ hot EF
distinction is one of degree and real life situations are likely to blur this distinction
further. However it seems possible that cool EF would show a stronger relationship
with academic performance, whereas hot EF might show the strongest relationship with
measures of social functioning (due to the inherent motivational salience of social
relationships). Just as effective EF is associated with positive academic and social
outcomes for children, deficits in EF have been associated with poor mental health
outcomes (Nigg et al., 1999). Relationships between EF and childhood psychological
problems are therefore discussed below.
EF and Childhood Psychological Difficulties
Childhood psychological problems have frequently been grouped into broad
clusters of internalising and externalising problems. Internalising problems are those
involving internal expression of distress (including anxiety and depression), while
externalising problems involve outward expression of distress and difficulties with
behaviour regulation (as observed in ADHD and conduct disorder; Krueger, 1999;
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Krueger, McGue, & Iacono, 2001). An ongoing challenge for researchers of
developmental psychopathology is to identify early risk factors for later stable
behaviour problems, as opposed to normal and transient difficulties associated with a
particular developmental challenge (Stormont, 2000).
Temperament research has long stressed the importance of individual differences
in reactivity to reward (approach) and punishment (withdrawal; Rothbart & Bates,
1998). Temperament can be defined as biologically based individual differences in
reactivity and self-regulation that are relatively consistent across situations and stable
over time (Rothbart & Bates, 1998; Rothbart & Derryberry, 1981). Reactivity refers to
the tendency to experience positive and negative emotions and of sensitivity to
environmental stimulation. Self-regulation (also termed effortful control) refers to the
processes that modulate these basic system reactivities (Rothbart & Posner, 2005). In
infancy, reactive tendencies are observable from very early in life, and behaviour is
largely dictated by the reactive systems. Effortful control follows a later and more
protracted developmental course, continuing to develop throughout childhood (Rothbart
& Jones, 1998). Thus, EF and effortful control are highly similar constructs, both
involving slowly developing abilities that provide top-down control of thought, action,
and emotion.
The iterative reprocessing model of EF (Cunningham & Zelazo, 2007; Zelazo et
al., 2010) provides one explanation of the way in which reflexive, approach-avoidance
responses can be regulated by a hierarchically arranged but interconnected top-down
control system. Simple discriminations processed in the thalamus and amygdala initiate
further processing by the anterior cingulate cortex and orbitofrontal cortex (hot EF).
Depending on the motivational significance of the situation, more lateral regions of the
PFC might be recruited to facilitate greater reflection and conscious regulation of
behaviour (cool EF).
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Similarly, within the temperament literature, areas of the medial prefrontal lobe
and anterior cingulate gyrus are thought to be linked with the development of effortful
control, and are therefore closely associated with emotion centres of the brain (Fox,
Henderson, & Marshall, 2001). This higher-order control system centred in the medial
frontal lobes with links to the limbic system and emotion processing matches the
description of the neural system believed to support hot EF. Across a number of
developmental research areas, there is increasing recognition of the need to consider
cognition and emotion as joint, interacting systems (Calkins & Bell, 2010). In
particular, consideration of biologically driven reactivity is important in populations
where the mechanisms of self-regulation are still developing (Blair, Zelazo, &
Greenberg, 2005). It is therefore useful to review theories of temperament and
personality, especially those that link basic motivation systems with their neurological
underpinnings.
One of the most influential theories of the biology of personality is Gray’s
Reinforcement Sensitivity Theory (RST; J. A. Gray, 1987; J. A. Gray & McNaughton,
2000). This is the model that has most frequently been applied to developmental
research on temperament and personality (Rothbart & Bates, 1998). The original theory
proposed that three separate neural systems mediate responses to situations involving
conditioned reward (the Behavioural Activation System or BAS), conditioned
punishment (the Behavioural Inhibition System or BIS), and unconditioned aversive
stimuli (the Fight/ Flight System or FFS; J. A. Gray, 1987). A more recent revision of
the theory based on additional empirical data proposes that the BAS is activated in
response to all appetitive stimuli (not just conditioned rewards), and the renamed Fight
Flight Freeze System (FFFS) is activated in response to all aversive stimuli (both
conditioned and unconditioned). In contrast to the older model, the BIS is now thought
to be activated in situations of conflict (those involving activation of both the BAS and
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FFFS) and serves to direct arousal and attention towards the source of conflict to enable
decision making about whether to approach or avoid a particular stimulus. The activity
of the BIS is thought to be biased in favour of the FFFS enhancing the likelihood of
escape or avoidance in situations of conflict (J. A. Gray & McNaughton, 2000).
At the neurological level, the BAS is thought to be associated with the
mesolimbic dopamine system and dopaminergic projections from the ventral tegmental
area (Depue & Collins, 1999) while the BIS is associated with the amygdala, and
serotonergic activity in the septohippocampal system (Depue & Iacono, 1989). Finally,
the FFFS is believed to be linked with the amygdala, hypothalamus and periaqueductal
grey matter (J. A. Gray & McNaughton, 2000). When developing their self-report
measure of BIS/BAS sensitivity, Carver and White (1994) found one factor reflecting
the inhibitory system (the BIS scale), and three factors reflecting the approach system
(the BAS Drive, BAS Reward Responsiveness, and BAS Fun Seeking scales). BAS
Drive reflects the tendency to persistently pursue desired goals. BAS Fun Seeking
reflects the desire for novel rewards and willingness to approach potentially rewarding
situations with minimal reflection. BAS Reward Responsiveness reflects the tendency
to experience positive responses to anticipation or receipt of a reward.
The ability to self-regulate is jointly determined by executive abilities and the
underlying sensitivity of approach and withdrawal systems (R. A. Thompson, 1994). In
addition to its role in higher cognitive functions, EF could also serve to sustain higher
order control over an individual’s propensity to experience particular emotional states or
to respond to particular environmental cues (Carver, Johnson, & Joormann, 2008).
Given the theoretical independence of BIS and BAS, a number of interactive effects
with EF are possible.
In temperament research, the BAS has been linked with individual differences in
impulsivity, in the tendency to experience positive affect, and is thought to be related to
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the personality dimension of Extraversion (Carver, 2006; Rothbart & Bates, 1998). An
individual with poor executive control, who is also highly sensitive to signals of reward
(high BAS), might be more strongly predisposed towards externalising problems and
problems of impulse control than someone without this underlying sensitivity (Carver et
al., 2008). Within a child population, this would likely manifest as externalising
problems. Colder and O'Connor (2004) found a relationship between BAS and
externalising problems amongst a sample of 9 to 12-year-old children. However no
studies examining the moderating effect of EF on this relationship could be identified.
In contrast BIS sensitivity has been linked with the tendency to experience
negative affect and is most closely aligned with the personality dimension of
Neuroticism (Rothbart & Bates, 1998). Colder and O'Connor (2004) found that BIS
sensitivity predicted internalising problems amongst their child sample. In a study
examining EF in combination with temperament factors, Thorell, Bohlin and Rydell
(2004) used non-linear pattern-oriented analysis to show that high executive inhibition
predicted social anxiety and lack of social initiative (defined as the capacity to initiate
social interactions), but only in combination with high levels of trait inhibition (the
tendency to withdraw in novel situations). Interestingly, this finding runs counter to the
theoretical prediction that poorer executive control over temperament would be
associated with increased risk of psychological difficulties. This study emphasises the
importance of considering cognitive and emotional factors as part of an integrated selfregulatory system, and highlights possible interactions between EF and temperament. It
also raises the possibility that EF might moderate the relationship between BIS and
internalising problems.
In summary, an EF deficit might not necessarily predict any specific form of
psychological problem. Rather, the lack of higher-level control over emotion systems
governing temperament and personality could render an individual more vulnerable to
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experience the type of problems to which they are predisposed at the biological level.
Thus, although the presence of EF deficit might serve as a broad marker of risk for
developmental psychopathology, the specific nature of the problem could be determined
by the underlying sensitivity of approach and withdrawal systems. By examining EF in
combination with BIS and BAS sensitivity, a clearer picture of the relationship between
EF and important aspects of psychological functioning might emerge.
This chapter has outlined a number of important functional outcomes that have
been shown to be associated with EF. The majority of this research has not compared
the contribution of hot and cool processes to functional outcomes within the same
sample. An examination of the relative contribution of hot and cool EF to these
important childhood outcomes would therefore make an important contribution to the
developmental literature. The following chapter introduces a project aimed at
addressing some of these gaps.
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CHAPTER 4.
Introduction to the Empirical Research
The preceding literature review has highlighted the protracted nature of EF
development, and the importance of examining these changes from a developmental
perspective. In particular, it is noted that the majority of developmental research has
focused on the emergence of EF during early childhood. Although this early period of
rapid development is certainly important, it is equally important to comprehensively
document the substantial developmental changes that occur after age 5. Prior published
research suggests that the developmental path for each EF component might be
different, and in some cases show non-linear patterns of improvement with age (Best et
al., 2009; Diamond, 2002). A developmental perspective can therefore contribute to the
ongoing debate regarding the unity or diversity of EF by examining these trajectories,
and also whether the relationships between EF components and academic and social
outcomes change with age (Best et al., 2009).
It remains an open question whether hot and cool EFs are dissociable during
childhood. Research on hot EF is still in its infancy, and a substantial amount of work
remains to be done to further improve understanding of the role of emotion in decision
making. In particular, research examining decision-making within a variety of
motivational contexts (including social situations) is needed. Evidence supporting the
hot-cool EF distinction might come from a variety of sources. These sources would
include differences in the developmental trajectory of hot and cool EF, evidence of a
separate factor structure for hot and cool EF, and different relationships with important
functional outcomes. Research linking hot and cool EF with functional outcomes such
as academic performance and social functioning will also contribute towards developing
a comprehensive characterisation of EF function and development during middle
childhood.
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Temperament and emerging personality systems are closely tied to emotional
processing and might interact with EF to predict levels of internalising or externalising
problems (Carver et al., 2008; Thorell et al., 2004). Further exploration of the
interaction of temperament with developing EFs might assist in understanding the
development of childhood psychological difficulties, and also the existence of risk and
protective factors. Identification of early markers of stable risk for developing
psychopathology could inform development of preventive or early intervention
programs. The research described below was designed to address these questions.
Aims and Hypotheses
The current research aimed to investigate the development of EF in 5 to 12-yearold children. It was important to consider both cool cognitive and hot emotional
components of EF within the same study to further understanding of the interaction of
cognition and emotion in the development of higher order functioning. Aspects of both
hot and cool EF were assessed in order to examine and compare their developmental
trajectories during middle childhood. In addition, the current research aimed to explore
the relationship between hot and cool EF, and important functional outcomes including
intelligence, academic functioning, social competence, internalising and externalising
problems. These questions were addressed in a single large study using a rich data set
generated from a comprehensive assessment battery administered to primary school
children aged 5 to 12 years.
It was hypothesised that age-related improvements would be observed on both
hot and cool EF tasks, consistent with the notion that EF continues to develop
throughout childhood and adolescence driven by maturational changes in the PFC
(Diamond, 2006). Given the mixed findings regarding whether hot and cool EF are
dissociable during childhood (see Chapter 2), no specific predictions were made about
whether hot and cool EF would show different developmental trajectories or emerge as
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separate factors. However, more specific predictions were made about the different
relationships that hot and cool EF might show with important functional outcomes.
After controlling for age, it was hypothesised that cool EF measures would be
stronger predictors of intelligence and academic achievement than hot EF. This is
consistent with research showing that cool EF performance (especially working
memory) explains a significant proportion of variance in IQ scores (Ackerman et al.,
2005; Colom et al., 2008; Conway et al., 2003). Cool EF is also an excellent predictor
of academic performance in a range of content areas (Brock et al., 2009; Bull & Scerif,
2001; St Clair-Thompson & Gathercole, 2006). In contrast, hot EF measures should be
stronger predictors than cool EF measures of social competence. This is consistent with
research showing a relationship between emotional intelligence and social competence
(Song et al., 2010), and between theory of mind and social competence (Bosacki &
Astington, 1999; Riggs et al., 2006; A. C. Watson et al., 1999).
A further aim of the current study was to explore the relationship between EF
and psychological difficulties. EF might play a role in sustaining higher-order control
over biologically-based temperament by moderating an individual’s experience of
particular emotional states or tendency to respond to particular environmental cues
(Carver et al., 2008). As such, EF might moderate the relationship between trait factors
of BIS and BAS sensitivity and the expression of psychological difficulties
(internalising and externalising problems). This is especially important to examine
within a child population where self-regulation and higher cognitive functions are still
developing. Consistent with theoretical predictions, it was hypothesised that EF would
moderate the relationship between BAS sensitivity and externalising problems. That is,
the relationship between BAS sensitivity and externalising problems should increase in
strength as EF performance decreases. This would be expected because these children
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would lack the executive control necessary to overcome their tendency to pursue
rewarding stimuli.
It was also hypothesised that EF would moderate the relationship between BIS
sensitivity and internalising problems. That is, the relationship between BIS sensitivity
and internalising problems should increase in strength as EF performance decreases.
Again, this would be expected because such children might lack the executive control
necessary to overcome their tendency to always avoid situations involving conflict.
However, given the findings of Thorell et al. (2004), it was also possible that the highest
level of internalising problems might occur amongst children with high BIS sensitivity
and high EF.
It was not clear whether hot and cool EF would differ in their moderating effects,
since no published empirical studies specifically addressing this question could be
identified. It could be speculated that hot EF, due to its function of controlling
decision-making in situations of motivational significance (meaningful reward or loss)
might be more likely to moderate the relationship between temperament and
psychological difficulties.

General Method
Participants
The sample consisted of 128 children (60 males and 68 females) ranging in age
from 5 to 12 years. All participants were students attending a Brisbane suburban
primary school and were recruited via an information package distributed by the school
and sent home with students. For each child who participated, a parent or guardian also
provided additional information about their child. Prior to assessment, parents of
participants reported no history of brain injury, or diagnosis of learning or behavioural
disorder. Data of two participants were subsequently excluded from analysis. One 5-
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year-old participant did not complete the assessment due to visual discomfort during
administration of computerised tests. Another 11-year-old participant completed the
assessment but was subsequently revealed to suffer from a syndrome known to be
associated with cognitive deficits. Thus, data of 126 participants (59 males and 67
females) were analysed.
The Scale of Occupational Prestige (Daniel, 1983) was used to obtain a measure
of parental socioeconomic status for each participant. On this scale, parental occupation
is rated from 1 to 7, with lower numbers reflecting higher SES. Parental occupation
was recorded for the primary household wage earner. For the entire sample, the mean
socioeconomic status rating was 3.53 (SD = 0.91), indicative of a predominantly middle
class sample. The Australian Curriculum, Assessment and Reporting Authority also
publishes demographic data about all Australian schools on its My School website
(www.myschool.edu.au). The school’s Index of Community Socio-Educational
Advantage (ICSEA) of 1118 was somewhat higher than the national average of 1000.
Nevertheless, the school still contained a broad distribution of families from all income
groups. Table 1 summarises the demographic characteristics of the sample. Analysis of
demographic data across age groups revealed no significant differences in sex, 2 (6, N
= 126) = .51, p = ns, or socioeconomic status, F (6, 119) = 0.81, p = ns.
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Table 1
Demographic Characteristics of the Sample by Age Group

Age Group

N

Sex
(males : females)

5:0 – 5:11 years

19

7 : 12

3.13 (0.89)

6:0 – 6:11 years

15

7:8

3.60 (0.97)

7:0 – 7:11 years

22

14 : 8

3.60 (0.94)

8:0 – 8:11 years

16

8:8

3.51 (0.91)

9:0 – 9:11 years

22

10 : 12

3.73 (0.93)

10:0 – 10:11 years

16

8:8

3.61 (0.95)

11:0 – 11:11 years

8

4:4

3.72 (1.07)

12:0 – 12:11 years

8

1:7

3.34 (0.68)

SES: M (SD)

Design
A cross-sectional and correlational design was employed to examine age
differences in EF and patterns of relationships among important variables.
Measures
The assessment battery consisted primarily of performance-based measures of
relevant EF constructs, general intellectual functioning, and academic achievement,
along with a self-report questionnaire to assess BIS/BAS sensitivity. In addition,
children’s social and emotional functioning (social competence, and level of
internalising and externalising problems) and BIS/BAS sensitivity were assessed via
parent-report questionnaires. The assessment battery is briefly summarised below and
in Table 2. A more detailed description of the measures can be found in the subsequent
chapters.
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Procedure
Participants were treated in strict accordance with the National Statement on
Ethical Conduct in Research Involving Humans, and approval was obtained from the
Griffith University Ethics Committee prior to commencing the study (Protocol Number
PSY/97/10/HREC). Written consent was obtained from both the School Principal, and
from each child’s parent or guardian. Copies of the information package and consent
forms are included in Appendix A. In addition, all children were provided with an ageappropriate verbal description of the study aims and methods, and each child gave
verbal assent prior to commencement of the assessment.
Individual assessments were conducted at the children’s school and were carried
out in a quiet, and well-lit room free from distractions. The assessment was divided
into two one-hour sessions (conducted one week apart) to minimise participant fatigue.
Tasks were administered in a fixed order designed to vary task demands and modalities
across successive tests and to maintain children’s interest and engagement. All tests
were administered in strict accordance with published instructions and guidelines.
Table 2 provides a summary of the child assessment battery, listed in order of
administration. Following completion of the first testing session, a parent questionnaire
package (consisting of the Strengths and Difficulties Questionnaire and BIS/BAS Scales
– Parent Report) was sent home with children to be returned by Reply Paid post.
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Table 2
Summary of Child Assessment Battery. Measures listed in the upper (lower) section
were administered in the first (second) session.
Broad Construct

Specific Ability

Measure

Hot EF

Delay of Gratification

Gift Delay Task (Time 1)

Cool EF

Working Memory

CANTAB SWM Task

Cool EF

Inhibition

CANTAB Stop Signal Task

Hot EF

Delay of Gratification

Gift Delay Task (Time 2)

Cool EF

Shifting

CANTAB IED Task

Hot EF

Risky Decision Making

CANTAB Gambling Task

Hot EF

Delay of Gratification

Gift Delay Task (Time 3)

Intellectual Functioning

Fluid Intelligence

WASI – Matrix Reasoning

Intellectual Functioning

Crystalised Intelligence

WASI – Vocabulary

Hot EF

Theory of Mind

Strange Stories Test

Academic Achievement

Reading

WIAT II – Word Reading

Academic Achievement

Mathematics

WIAT II – Numerical Operations

BIS/BAS Sensitivity

BIS/BAS Scales for Children

Note. SWM = Spatial Working Memory; IED = Intra-Extra Dimensional Set Shift;
WASI = Wechsler Abbreviated Scale of Intelligence; WIAT = Wechsler Individual
Achievement Test

Descriptions of all measures of hot and cool EF are included in Chapter 5.
Descriptions of other outcome measures (intelligence, academic achievement, social
competence, internalising and externalising problems, and BIS/BAS sensitivity) are
included in Chapter 6.
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Data Treatment
The alpha level for all statistical tests was set at .05. Effect sizes are reported as
partial eta squared (p2). Distributions of data across all variables were inspected for
univariate outliers, multivariate outliers, and significant skewness. Univariate outliers
were defined as those with z scores greater than |3|; multivariate outliers were defined as
those with a Mahalanobis distances exceeding the critical chi square value based on the
number of predictors in the model; significant skewness was defined as degree of
skewness divided by standard error of skewness being greater than |3| (Tabachnick &
Fidell, 2007). Where variables were significantly skewed, the appropriate
transformations were performed. One variable (delay of gratification) was negatively
skewed without transformation and positively skewed with transformation; it was
therefore used in its non-transformed state.
Data were analysed with and without outliers, and with and without
transformations. If the pattern of statistical significance did not vary, then the
untransformed data were used and/or all cases were included in the analyses
(Tabachnick & Fidell, 2007). For all age-group comparisons, 11 and 12-year-old data
were combined in order to provide a group sample size comparable with that of other
age-groups. These data were combined after confirming that 11 and 12-year-olds did
not differ significantly on any of the EF measures administered. It is acknowledged that
any lack of statistically significant difference between these groups might be due to a
lack of statistical power, and does not necessarily imply that there are no underlying
developmental differences across this age range. To assess age-related differences in
the development of hot and cool EF, composite measures of hot EF and cool EF were
constructed from the averaged z score on each of the constituent measures. A more
detailed discussion of specific issues regarding data treatment is included in the relevant
chapters to follow.
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CHAPTER 5.
Age-Related Development of Hot and Cool Executive Functions1
A primary goal of the first study of this thesis was to comprehensively assess
age-related changes in EF during middle childhood, by administering a range of hot and
cool EF measures to a single sample of children. This is important for two reasons.
First, EF development during middle childhood has received less research attention than
developmental changes that occur prior to age 5 (Best et al., 2009). Second, the
question remains open regarding whether hot and cool EF can reliably or usefully be
dissociated from each other during childhood (Bunch & Andrews, 2012;
Hongwanishkul et al., 2005; Prencipe et al., 2011). In their review of cool EF
development, Best et al. (2009) noted that a developmental approach to the study of EF
can contribute to the debate surrounding the unity versus diversity of EF by examining
differences in developmental trajectories of theoretically distinct components of EF.
Such differences would provide evidence in support of fractionation of EF processes.
Cool EF
Regarding inhibition, Romine and Reynolds (2005) concluded that the most
rapid improvements in inhibition occur between ages 5 to 8 years, after which more
modest improvements are observed. However they were careful to note that the
apparent slowing of maturation during later childhood and adolescence might reflect
psychometric properties of the tests used (e.g., ceiling effects), rather than a genuine
change in the rate of development. All of the studies reviewed in Romine and
Reynolds’ meta-analysis used perseverative errors on the Wisconsin Card Sort Test
(WCST) as a measure of inhibition. Alternative measures of inhibition suggest that
inhibition might continue to develop over a longer period. For example, Huizinga et al.
1

Part of this study was presented as a poster at the 41st Annual Meeting of the

International Neuropsychological Society in February 2013.
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(2006) administered three different motor inhibition tasks (a stop-signal task, the
Erikson Flankers task, and a Stroop task) to a sample of 7, 11, 15, and 21-year-olds.
Whereas rapid improvements were observed on the stop-signal and Erikson Flankers
task up to age 11, the Stroop task showed a much weaker developmental trend. Using a
stop-signal task to assess changes in inhibition across the lifespan (ages 6 to 82 years),
Bedard et al. (2002) found a pattern of rapid improvement in stop-signal reaction time
during childhood that stabilised at adult levels during adolescence before declining
again in old age. These results support the sensitivity of stop-signal tasks in assessing
age-related changes in inhibition. For this reason, the CANTAB Stop Signal Task was
selected as a measure of inhibition for the current study. It was therefore hypothesised
that age-related changes in inhibition might follow a linear trend of continued
improvement throughout middle childhood.
It has been well documented that working memory capacity continues to develop
well into adolescence. For example, Gathercole, Pickering, Ambridge, et al. (2004)
administered an extensive battery of working memory tasks to children aged 4 to 15
years. Tasks varied in terms of visual versus verbal formats, and in their level of
complexity. The most complex tasks placed the heaviest demand on EF, due to the
requirement for manipulation and updating of working memory representations. A
linear pattern of improvement was observed on all tasks, irrespective of task modality,
and across the entire age-range studied. Similarly, Luciana and Nelson (2002) observed
significant improvements in working memory amongst their sample of children aged 4
to 12 years. The task used to assess working memory was the CANTAB Spatial
Working Memory task (also known as the Self-Ordered Search). On the most difficult
items involving six or eight spatial locations, the eldest participants (aged 11 to 12
years) did not reach adult levels of performance. This suggests that age-related
improvements in working memory continue beyond age 12. Because this task has been
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shown to be sensitive to developmental trends across the age-range of the current study,
the CANTAB Spatial Working Memory task was selected as the measure of working
memory. A similar linear pattern of age-related improvement to that recorded by
Luciana and Nelson was expected in the current study.
Davidson, Amso, Anderson, and Diamond (2006) designed a computerised
switching task to assess age-related changes in shifting amongst a sample of 294
children aged between 4 and 13 years, as well as a comparison group of 20 adults.
Using this task, Davidson et al. provided evidence of the protracted developmental
course of shifting. Although clear age-related improvements in shifting were observed,
even the 13-year-olds in their study did not perform at adult levels. This is consistent
with the results of Cepeda et al. (2001), who found decreases in switch-cost RT
continuing into adolescence. In contrast, Crone et al. (2004) and Huizinga and van der
Molen (2007) both found that perseverative errors on the WCST were at adult levels by
the beginning of adolescence (around age 12). It is worth noting that whereas some
researchers consider perseverative errors on the WCST to reflect a failure of inhibition
(e.g., Romine & Reynolds, 2005), others consider such errors to reflect a failure of
shifting. This is one example of the ongoing robust debate about the nature of EF and
its components, and the subsequent classification of measures designed to assess EF.
De Luca et al. (2003) and Luciana and Nelson (2002) used the CANTAB IntraExtra Dimensional Set Shift task to assess shifting performance across wide age ranges
(8 to 64 years, and 4 to 12 years respectively). When the number of stages completed
was used as an outcome measure, adult levels of performance were reached by age 7.
As discussed in the previous chapter, it seemed possible that age-related differences in
the ability to shift between rules or strategies on this task would be reflected in a greater
number of errors, even when stages were successfully completed (indicating a
successful switch to the new rule). The CANTAB Intra-Extra Dimensional Set Shift
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task was therefore chosen as a measure of shifting for the current study. Following
Luciana and Nelson (2002), it was anticipated that minimal age-related changes would
be observed in terms of the number of stages completed on the CANTAB Intra-Extra
Dimensional Set Shift task, but that the error rate might gradually and consistently
reduce from 5 to 12 years. This finding would be more consistent with other research
supporting the gradual maturation of shifting throughout childhood and adolescence
(Cepeda et al., 2001; Crone et al., 2004; Davidson et al., 2006; Huizinga & van der
Molen, 2007).
To summarise, although there is some evidence of separate developmental
trajectories of cool EF components of inhibition, working memory and shifting, it is
entirely possible that these apparent differences reflect the difficulty level of the tasks
used. This interpretation is supported by other evidence showing that inhibition,
working memory and shifting continue to develop throughout middle childhood and
into adolescence. The three cool EF tasks used in the current study were selected to
minimise potential ceiling effects. It was therefore anticipated that age-related
improvements would be observed on all tasks across the entire age range.
Hot EF
Regarding hot EF, the current scarcity of research has produced some mixed
findings. Gambling tasks have routinely been shown to be sensitive to the effects of
orbitofrontal damage (Bechara et al., 2000). Developmentally, children show
improvements in their ability to make more advantageous choices on gambling tasks
with increasing age (Crone & van der Molen, 2004; Prencipe et al., 2011). Indeed,
young children’s decision making on gambling tasks has been likened to that of adults
with orbitofrontal damage (Crone & van der Molen, 2004). Although age-related
improvements have been demonstrated on the Children’s Gambling Task between ages
3 to 6 years (Bunch et al., 2007; Garon & Moore, 2004; Kerr & Zelazo, 2004), studies
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using the more complex Iowa Gambling Task and its variants with older children have
generally not shown improvements in decision making until adolescence. For example,
Crone and van der Molen (2004) showed that children aged 6 to 12 years improved
little, if at all, over successive trial blocks. Thirteen to 15-year-olds did show a net gain
over time (indicating a shift towards choosing from advantageous decks), but were still
inferior to adults. Similarly, Prencipe et al. (2011) administered the Iowa Gambling
Task to a sample of children and adolescents aged 8 to 15 years. Only the oldest group,
aged 14 to 15 years, showed a net increase in advantageous decisions over successive
trial blocks. In contrast, Lehto and Elorinne (2003) found that children aged 8 to 10
years made just as many advantageous choices as adults on the Iowa Gambling Task.
Nonetheless, children in this study did not reach the same level of conceptual
understanding of the task, indicating that their choices were not based on a higher-level
rule having been discerned.
It certainly seems evident that decision making on complex tasks such as
gambling tasks develops in a protracted manner, as do other EF tasks. The CANTAB
Cambridge Gambling Task has some key differences from the Iowa Gambling Task that
might make it more suitable for use with children. In the Cambridge Gambling Task,
all the information needed to arrive at a good decision is presented on the screen for
each trial. In this respect, the working memory demands are reduced since there is no
need to keep track of gains and losses for each deck over time. This task is described in
greater detail in the Method section to follow. It was anticipated that this task might
provide a useful bridge between the Children’s Gambling Task (suitable for young
children aged 3 to 6 years), and the Iowa Gambling Task, which would appear to be
most suitable for use with adolescents and adults. On that basis, the Cambridge
Gambling Task was selected for use in the current study. It was anticipated that agerelated improvements in gambling task performance would be observed.
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Delay of gratification tasks and delay discounting tasks measure individual
differences in propensity to choose smaller immediate rewards over larger delayed
rewards (Metcalf & Mischel, 1999; Rachlin, Ranieri, & Cross, 1991). Whereas delay of
gratification tasks involve decision making about an actual reward to be received, delay
discounting tasks involve a series of judgements about hypothetical rewards and delay
periods. Delay of gratification tasks have generally been used with younger children
under 5 years (e.g., Mischel et al., 1989; Prencipe & Zelazo, 2005), but have
successfully been adapted for use with older children and adolescents (Wulfert et al.,
2002). Delay discounting tasks have been more commonly used with adults, but have
also been used with older children and adolescents (e.g., Prencipe et al., 2011; Steinberg
et al., 2009).
Wulfert et al. (2002) did not examine age-related changes in delay of
gratification. This pair of studies of adolescents aged 11 to 18 years assessed the
relationship between delay of gratification and academic achievement and social
adjustment (discussed in Chapter 3). Prencipe et al. (2011) did examine age-related
changes in delay discounting. This study included 102 children and adolescents aged 8
to 15 years. They found that 8 to 9-year-old children showed a higher rate of
discounting the subjective value of a reward when its availability was delayed than 14
to 15-year-olds. Steinberg et al. (2009) examined age-related changes in delay
discounting over a broader age range, 10 to 30 years (N = 935). In this study, children
aged 13 or younger showed a steeper rate of delay discounting (indicating a stronger
preference for immediate rewards) than adolescents and adults aged 16 or older. No
significant differences in the rate of delay discounting were observed after age 16.
Although there are clear similarities between these tasks in that they both
provide a measure of impulsivity and capacity to delay, there is ongoing debate about
whether the tasks measure the same processes (Reynolds & Schiffbauer, 2005).
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Johnson and Bickel (2002) found no systematic difference between real and
hypothetical rewards in a within-subjects analysis of the reward preferences of six
adults. Rachlin (2000) argues for the equivalence of these measures by asserting that
delay of gratification is actually a function of delay discounting (the reduction in
subjective value of a reward, purely as a function of the delay). In contrast, Reynolds
and Schiffbauer (2005) propose a feedback model of delay-related impulsive behaviour
in which delay of gratification and delay discounting are proposed as related but distinct
constructs. According to this conceptualisation, delay of gratification involves more
basic, motivationally driven processes, whereas delay discounting is likely a higherlevel, cognitive, and learning mediated process that emerges later in development
(around age 9). By this reckoning, delay of gratification tasks might be more effective
in stimulating appetitive urges, making the task “hotter” than a purely hypothetical
delay discounting task.
Standard delay of gratification tasks used with very young children (3 to 5 years)
have generally involved a relatively simple two-choice paradigm using rewards such as
sweets or stickers, in which the child is asked to choose between receiving one (sweet
or sticker) now or two later (Metcalf & Mischel, 1999). A challenge that needed to be
overcome in the present study was to select an appropriate reward that would be
similarly appealing to children across the age-range of the sample. To this end, a
modified delay of gratification task was developed for use in the current study. This
task is described in detail in the Method section below. It was anticipated that younger
children would be more likely to choose the immediate reward, whereas older children
would be more likely to choose the delayed reward.
The ability to reason about social situations and others’ mental states continues
to develop and be refined throughout childhood as evidenced by age-related
development on advanced theory of mind tasks such as Happe’s Strange Stories (Happe,
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1994; O'Hare et al., 2009). This task assesses understanding of concepts such as
humour, irony and other non-literal interpretations of another person’s words or actions.
Other advanced theory of mind tasks increase the complexity of the standard false belief
task by increasing the depth of recursive rules they entail (e.g., Liddle & Nettle, 2006).
Such tasks ask for inferences about story characters’ beliefs about others’ beliefs,
beliefs about beliefs about beliefs, and so on. When used to assess theory of mind
development during middle childhood and adolescence, both tasks have shown agerelated developments in theory of mind. The simple, naturalistic stories about everyday
events that comprise Happe’s Strange Stories Test make this test highly suitable for use
with children (O'Hare et al., 2009). This test was therefore selected for use in the
current study as a measure of theory of mind. A similar pattern of age-related
development to that found by O’Hare et al. was expected in the current study.
To summarise, the available evidence suggests that hot EF, like cool EF, follows
a protracted course of development throughout childhood and into adolescence. It was
therefore anticipated that age-related improvements would be observed on both hot and
cool EF tasks. Potential differences in the rate of development of hot and cool EF, or of
specific EF components within these broad categories, remain an open topic of debate
that the current study aimed to address. For example, both Bunch and Andrews (2012)
and Prencipe et al. (2011) found that hot and cool tasks loaded onto a single factor.
Whereas Bunch and Andrews found that hot tasks were mastered earlier than cool tasks
by younger children (aged 3 to 6 years), Prencipe et al. found that hot tasks were
mastered later than cool tasks by older children and adolescents (aged 8 to 15 years).
Other studies have found support for a separate factor structure of hot and cool EF
(Brock et al., 2009; Kim et al., 2013).
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Method
Participants
For the purpose of examining age differences in hot and cool EF, participants (N
= 126) were divided into seven groups based on chronological age; 5.0 – 5.11 years (n =
19), 6.0 – 6.11 years (n = 15), 7.0 – 7.11 years (n = 22), 8.0 – 8.11 years (n = 16), 9.0 –
9.11 years (n = 22), 10.0 – 10.11 years (n = 16), 11.0 – 12.11 years (n = 16). Data of 11
and 12-year-old children were combined in order to provide a group sample size
comparable with that of other age-groups.
Measures and Procedure
Participants completed the following EF tasks in a fixed order as part of the
larger assessment battery described in Chapter 4; Gift Delay task, CANTAB Spatial
Working Memory task, CANTAB Stop Signal Task, CANTAB Intra-Extra
Dimensional Set Shift task, CANTAB Cambridge Gambling Task and the Strange
Stories Test. All tests were administered in accordance with published guidelines. For
the CANTAB, these guidelines include administering a short Motor Screening Task
(administered at the beginning of the battery to ensure that participants can adequately
respond using the touch screen format), and a simple learning and reversal task (Big/
Little Circle; administered prior to the Intra-Extra Dimensional Set Shift task). Each of
these tasks takes around two minutes to complete. For the CANTAB Cambridge
Gambling Task, the order of administration of ascending and descending modules was
counterbalanced.
CANTAB. A selection of subtests from the CANTAB (Cambridge Cognition,
2006) formed part of the EF battery. The CANTAB is a computer-administered
neuropsychological assessment battery consisting of a number of individual subtests
assessing aspects of attention, memory, EF, decision making and response control, and
social cognition. Normative data for the CANTAB spans a wide age range including
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children from age 4 years (De Luca et al., 2003; Luciana & Nelson, 2002). The
computerised assessment delivery of the CANTAB combines advantages of
administration efficiency with highly standardised administration and scoring (Luciana,
2003). In addition, the test manual provides detailed verbal scripts to be used in
administering the tests, including examples of allowable feedback and prompts.
Previous paediatric studies using the CANTAB have indicated that children find the
touch-screen testing format engaging (Luciana, 2003; Luciana & Nelson, 2002). The
graded difficulty of CANTAB tasks avoids the problem of floor and ceiling effects that
can cause difficulty when examining the substantial developmental gains across this age
range (Cambridge Cognition, 2006). This provides an advantage for the CANTAB over
many other neuropsychological tests, in that the same tasks can be administered to both
children and adults, allowing development of complex cognitive functions to be charted
throughout the lifespan (Luciana, 2003).
Three subtests from the CANTAB were chosen to assess the cool EF
components of inhibition, working memory and shifting. These were the Stop Signal
Task, Spatial Working Memory task, and Intra-Extra Dimensional Set Shift task
respectively. Additionally, the CANTAB Cambridge Gambling Task was used as a
measure of hot EF.
Cool EF tasks.
CANTAB Stop Signal Task. The Stop Signal Task from the CANTAB requires
individuals to respond by pressing a button when they see an arrow on the computer
screen (left button for left-pointing arrows and right button for right-pointing arrows),
but to withhold that response when an auditory tone is also presented (illustrated in
Figure 2). A set of 16 practice trials without the auditory stop-signal is first presented
to ensure familiarity with the press pad, and to ensure the motor response is well
learned. Individuals are asked to press the button as quickly as they can when they see
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an arrow, but also to avoid making mistakes. A white ring is displayed on screen
500ms prior to each arrow appearing, to orient the individual. Each new trial is initiated
by the response to the previous trial. The exception to this is stop-signal trials that do
not require a response. In these trials, a new trial advances automatically. Feedback is
given following incorrect left-right judgements. The word “wrong” appears briefly on
the screen. No feedback is given for correct responses or commission errors on stop
trials. Five blocks of 64 trials are presented, 25% of which are paired with an auditory
stop-signal. On stop trials, the onset of the tone is varied dynamically using staircase
functions to determine the point at which an individual is able to successfully inhibit a
response on 50% of trials. This enables calculation of the Stop Signal Reaction Time
(SSRT), a sensitive measure of inhibition (Cambridge Cognition, 2006; Logan et al.,
1984). Since new trials are initiated by responses to previous trials, there is no
theoretical upper limit to scores on this measure.

Figure 2. Example computer display from the CANTAB Stop Signal Task. Retrieved
from http://www.camcog.com/cantab-tests.asp. Copyright 2013 by Cambridge
Cognition Ltd. Reprinted with permission.
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CANTAB Spatial Working Memory Task. The Spatial Working Memory task
requires individuals to search through boxes to find the hidden squares beneath. The
boxes are arranged in predetermined, but seemingly arbitrary locations on the screen
(illustrated in Figure 3). Once a square has been located beneath a box, it will not be
found there again in the same display. By a process of elimination, a square is
eventually located beneath each box in the display. The number of boxes to be searched
is gradually increased over successive trials from 3 boxes (practice trials), to 4 boxes, 6
boxes, and finally 8 boxes. To complete this task efficiently, the locations of boxes
where squares have already been found must be maintained and updated in working
memory.

Figure 3. Example computer display from the CANTAB Spatial Working Memory task
showing a four-box search in which a blue token has just been located in the top box.
The right-hand panel indicates that two blue tokens have already been located.
Retrieved from http://www.camcog.com/cantab-tests.asp. Copyright 2013 by
Cambridge Cognition Ltd. Reprinted with permission.
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The colour and position of the boxes are changed with every trial to discourage
the use of stereotyped search strategies. There are no time constraints for completing
the task. Four trials are presented at each level of difficulty (12 test trials in total).
Each trial ends once a square has been located beneath each box. Returning to a box
that has already been searched (and found empty) yields a within-search error, whereas
returning to a box where a square has previously been found yields a between-search
error. Total errors on this test therefore provide an overall measure of efficiency of
working memory. Since it is possible to search the same boxes multiple times and the
test is always continued to the point of completion, there is no theoretical upper limit of
the number of errors that can be made. The CANTAB also provides a measure of
strategy use based on the degree to which a consistent strategy is used to search the
boxes.
CANTAB Intra-Extra Dimensional Set Shift Task. The Intra-Extra
Dimensional Set Shift task is a test of rule acquisition and reversal. This feedbacklearning task is somewhat analogous to the WCST, and requires individuals to select
one of two sets of stimuli presented on the screen (illustrated in Figure 4). The stimuli
can appear in any of the four boxes on the screen and the location of the stimuli changes
with each trial. The initial choice is made at random. Feedback following each trial
indicates whether the correct stimulus has been chosen. Following correct choices, the
word “correct” appears in the centre of the screen in green text, and the four boxes in
which the stimuli are presented also turn green. Following incorrect choices, the word
“wrong” appears in the centre of the screen in red text, and the four boxes in which the
stimuli are presented also turn red. After the sorting rule has been learned to criterion
(six consecutive correct responses), the rule is changed and individuals begin to receive
feedback that their previously correct choice is now incorrect.
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Figure 4. Example computer display from the CANTAB Intra-Extra Dimensional Set
Shift task showing stimuli at stage 3 or 4. In this display, one of the two pink-coloured
shapes would be the relevant sorting dimension and the white lines would be irrelevant
distractors. Retrieved from http://www.camcog.com/cantab-tests.asp. Copyright 2013
by Cambridge Cognition Ltd. Reprinted with permission.

Initial choices involve a simple discrimination between two coloured shapes.
Via the feedback presented, the individual learns to select one coloured shape over the
other. One this sorting rule has been learned to criterion, the rule is reversed so that the
other coloured shape is now the correct choice. This type of rule change reflects an
intra-dimensional shift (stages 1 to 7 of the task). White lines are subsequently added to
the display in stage 3. Initially, the white lines appear beside the coloured shapes, but in
later stages, the white lines are overlaid on the coloured shapes. In stages 3 to 7, the
white lines are irrelevant to the task, and require the individual to successfully filter out
distracting and irrelevant information to successfully complete the stage. However, in
the final stages of the task (stages 8 to 9), the rule is changed to include the white lines
as the relevant sorting dimension. This type of rule change reflects an extradimensional shift, where the individual must ascertain that the white lines that
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previously served as distractors (and were thus filtered out as irrelevant information) are
now relevant to the task at hand. Correspondingly, the individual must also
successfully disengage from the strategy or mental set of using the coloured shapes as
the relevant sorting dimension.
The test is discontinued if the sorting rule is not discerned within 50 trials for
any stage. The total number of stages completed provides a measure of shifting ability
(range, 1 to 9). Available outcome measures also include total errors (adjusted for the
number of stages completed). Since individuals who do not complete all stages have
had less opportunity to make errors, this adjustment compensates by adding 25 errors
for each stage not attempted. This value corresponds to half of the 50-trial maximum
for each stage (reflecting errors expected with performance at chance level). Possible
scores therefore range from 0 to 225. Total errors (adjusted) might provide a more
sensitive measure of shifting, since individuals with poorer shifting ability might simply
require more trials to determine the sorting rule, even when a stage is successfully
completed.
Hot EF tasks.
CANTAB Cambridge Gambling Task. The Cambridge Gambling Task was
selected as a measure of hot EF (illustrated in Figure 5). The Cambridge Gambling
Task has an advantage over other gambling tasks in that the task design allows risk
taking to be dissociated from delay aversion. It seemed possible that young children’s
poorer performance on gambling tasks might be due to low tolerance for delay rather
than a higher propensity for risk taking. The Cambridge Gambling Task provides a
means to examine these aspects separately. Although no normative data for children
were available for the task, initial pilot testing indicated that the task was well
understood by 5 and 6-year-olds, the youngest children recruited for the current study.
Since a key purpose of the study was to investigate developmental changes in hot EF (to
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compare age groups), the lack of normative data was not considered problematic to
answer the question at hand.

Figure 5. Example computer display from the Cambridge Gambling Task. In this
display, the more likely option (blue) has been chosen, the current points total is 100,
and the current stake is 75 points. Retrieved from http://www.camcog.com/cantabtests.asp. Copyright 2013 by Cambridge Cognition Ltd. Reprinted with permission.

The task presents a line of boxes, some red and some blue. Individuals are
required to guess which colour box contains a hidden yellow token. Initial practise
trials provide three examples of yellow tokens being hidden under the more likely
option, and one example of the token hidden under the less likely option. In the
gambling phase of the task, individuals start with an initial stake of 100 points, and are
asked to try and accumulate as many points as possible. After making a judgement
between red and blue boxes, individuals must wager a proportion of their points
depending on their level of confidence in their judgement. The stakes are presented one
at a time, either in rising order or descending order, and correspond with values equal to
5%, 25%, 50%, 75%, and 95% of their current points total. Individuals complete 4
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blocks of 9 trials in each of the rising and descending stakes conditions (72 trials in
total). Blocks are discontinued if points reach 1 or 0 points.
The task dissociates risk-taking from impulsivity, since an individual must wait
(in the rising stakes condition) in order to make a risky bet, and must wait (in the
descending stakes condition) in order to make a safer bet (Manes et al., 2002). A
number of outcome measures that assess different aspects of decision making are
available on this task. A quality of decision score is derived from the proportion of
trials in which an individual chooses the more likely option, with possible scores
ranging from 0 to 1. The delay aversion score provides a measure of capacity to delay
responses by subtracting the mean proportion of points gambled on ascending trials
from the mean proportion of points gambled on descending trials, with possible scores
ranging from -.90 to .90. The risk adjustment score provides a measure of the tendency
to bet a higher proportion of points when a large majority of boxes are of the chosen
colour. Higher scores indicated better performance, with possible scores ranging from 4.6 to 4.6.
In addition to the Cambridge Gambling Task, hot EF was assessed using two
other tasks designed to assess different situations in which emotions or motivational
processes might be expected to impact on decision-making. First, a delay of
gratification task assessed decision-making when reward contingencies were made
explicit. Second, a theory of mind task assessed decision making applied to the domain
of social understanding. These additional hot EF tasks are described below.
Delay of gratification. A novel, Gift Delay task was designed for use in the
current study. The task followed the traditional format for delay of gratification tasks
used with younger children in that children were asked to choose between a small
reward available immediately, or a larger reward available after a delay (e.g., Mischel et
al., 1989). A challenge that needed to be overcome in the present study was to select an
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appropriate reward that would be similarly appealing to children across the age-range of
the sample. Thus, a task was designed where the actual nature of the reward was
concealed as a wrapped gift of varying size. Children could choose between a small gift
now or a larger gift later. Since it was likely that concealing the gift might reduce the
appetitive appeal (thus making it easier to delay; Mischel, Ebbeson, & Zeiss, 1972),
children were also shown a display box filled with a wide selection of possible gift
items. The gift items consisted of a range of novelty stationery items (e.g., stickers,
pens, erasers, notebooks) and toys (e.g., balls). This display box and gift box remained
in plain sight for the duration of the assessment, since this also makes it more difficult
for children to delay gratification (Mischel & Ebbeson, 1970). All items were small
enough to fit in the smallest box. In addition, the larger boxes were concealed so that
only the gift that was immediately available was visible. These materials are illustrated
in Figures 6 and 7.

Figure 6. Display box of rewards used in Gift Delay task.
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Figure 7. Gift boxes used in Gift Delay task.

Reynolds and Schiffbauer (2005) note that the process of sustaining a decision to
delay gratification likely requires resources beyond those required for the initial choice.
An additional choice point was also introduced with the hope of providing a more
sensitive measure. Children were told that they might choose between a small gift box
now, a medium sized gift box (with more in it) half way through the assessment, and a
large gift box (with even more in it) if they waited until the end of the assessment
session. Responses were coded from 0 to 2 (with 0 indicating selection of the smallest
gift, 1 indicating selection of the medium sized gift, and 2 indicating selection of the
final, largest gift).
The administration of the Gift Delay task was modeled on the procedure outlined
by Wulfert et al. (2002), but adjusted for the specific nature of the present task. The
researcher began the assessment by presenting the small gift box to the child, saying:
Now, I would like to offer you a gift. In this box is something from my
big box of goodies over there (indicating the display box of gift items).
I can’t tell you what’s inside, though. It’s a surprise. If you want, you
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can have what’s inside this box right now, but you actually have a
choice. You can either have what’s in this box right now or, if you wait
until we’re half way through our session today, you can open a bigger
box that has more in it. And if you wait until the end of our session
today, you can open an even bigger box that has even more in it.

If the child chose to take the box that was presented, they were allowed to open
the box, examine the contents and play with them for a short time. For children who
chose to delay, the box was placed on the table in full view, and the CANTAB tests
were administered. Following completion of the Stop Signal Task (half way through
the assessment session), a larger gift box was presented to the child, and they were
given a second choice:

Remember I said if you waited you could open a bigger box with more
in it? If you want, you can have what’s inside this box right now, but
you still have a choice. You can either have what’s in this box right
now or, if you wait until the end of our session today, you can open a
bigger box that has more in it.

If the child chose to take the box that was presented, they were allowed to open
the box, examine the contents and play with them for a short time. For children who
chose to delay, the box was placed on the table in full view (next to the smallest gift
box), and the remaining CANTAB tests were administered. Following completion of
these tests, the largest gift box was presented to the child. If during the assessment, the
child changed their mind and asked to open a box that had already been presented, they
were allowed to do so during a break between tasks. Their choice was scored according
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to the box that had most recently been offered (0 for the smallest gift, 1 for the medium
sized gift).
Strange Stories Test. A subset of the Strange Stories Test (Happe, 1994) was
used to assess theory of mind. This set of 24 short vignettes about a range of complex
social situations was originally developed to assess theory of mind ability in highfunctioning individuals with autism. However a subset of 12 of these stories has since
been used to assess the development of higher-order theory of mind in normally
developing children (O'Hare et al., 2009). When administered to a sample of 140
children aged 5 to 12 years, O’Hare et al. found no floor or ceiling effects, confirming
the suitability of this measure across a broad age-range. This same subset of 12 stories
was used in the current study, and was scored according to their published guidelines.
The stories included one of each of the following scenario types; lie, white lie,
joking, pretending, misunderstanding, persuasion, appearance/reality, figure of speech,
sarcasm, forgetting, double bluff, and contrary emotions. A copy of the stories is
presented in Appendix B. Each story presents a character who, within the context of the
particular scenario, says something that is untrue. Individuals are first asked, “Is it true,
what .… said?” to check basic understanding of the story. A second question, “Why did
s/he say this?” assesses theory of mind. Responses to this question are scored based on
the degree to which the individual responds in terms of the character’s psychological
state (as opposed to more physical or situational attributes). Responses are coded from
0 to 2 (with 0 indicating an incorrect or physical state response, 1 indicating a partial
psychological state response, and 2 indicating a full and accurate psychological state
response). The maximum score across all stories is 24, and the minimum score is 0.
Consider the example below, from O'Hare et al. (2009), and used in the present study.
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John hates going to the dentist because every time he goes to the dentist
he needs a filling, and that hurts a lot. But John knows that when he has
toothache, his mother always takes him to the dentist. Now John has bad
toothache at the moment, but when his mother notices he is looking ill
and asks him ‘‘Do you have toothache, John?’’. John says ‘‘No,
Mummy.’’ (p. 920)

In response to the question, “Why does John say this?”, an example of a physical
state response might be, “It hurts when he gets a filling.” A partial psychological state
response might be, “He doesn’t like the dentist.” A full and accurate psychological
state response might be, “He doesn’t want to get a filling because it hurts.”
The administration of the Strange Stories Test followed the procedure outlined
by O'Hare et al. (2009). The researcher introduced the task by saying “Here are some
stories and some questions. I am going to read you the stories. I want you to listen
carefully and then answer the questions at the end of each story.” (p. 917). Each story
was illustrated with a simple drawing, which was laid in front of the child while the
story was read (see Appendix B). The story was repeated once more (in its entirety),
only if the child requested a repetition of the story, or if they responded “I don’t know”
to the first question asked by the researcher, “Was it true what …. said?” This
administration differs slightly from the original method described by Happe (1994),
where stories were repeated until the question was answered correctly, or a justification
for the answer was given. In the current study, no child requested that a story be read
more than twice, and no child was unable to answer the first question correctly. A
single reading of the story was sufficient for the majority of children. Requests for
repetition were generally in response to temporary lapses of attention.
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Results
Data Analytic Plan and Data Treatment
Age-group differences in hot and cool EF were analysed in a series of one-way
ANOVAS. A question of interest was whether there were age-related differences
between the different hot and cool EF components. This might be reflected in a nonlinear trend in the relationship between age and cool EF tasks thought to reach maturity
during middle childhood (e.g., inhibition). For this reason, trend analyses are reported
with each ANOVA. Additionally, to evaluate differences in age effects between the EF
measures, scores were standardised and reversed where necessary to ensure higher
scores indicated better performance. These standardised scores were then analysed
using factorial ANOVAs with age and task as the relevant factors. A significant
interaction between task and age would provide evidence of a difference in age effect
amongst the EF tasks. Finally, to assess age-related differences in the development of
hot and cool EF, composite measures of hot and cool EF were constructed from the
averaged standardised scores. These composite measures of hot and cool EF were then
subjected to factorial ANOVA with age and EF composite as relevant factors. A
significant interaction between age and EF composite scores would provide evidence of
a difference in age effect between hot and cool EF.
Although it is generally acknowledged that ANOVA is relatively robust against
violations of assumptions (Howell, 2010), assumptions of homogeneity of variance and
sphericity were checked. Levene’s test was significant for some between-subjects
effects, indicating heterogeneity of variance across age-groups. In these cases, Welch’s
adjusted F ratio was employed and pairwise comparisons that do not assume equal
variances (Games-Howell tests) were used. However, if the pattern of results did not
vary from that of a standard one-way ANOVA, then the results of the ANOVA are
reported. Mauchley’s test of sphericity was significant for some within-subjects effects.
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In these cases, a Greenhouse-Geisser correction was applied. However, if the pattern of
results did not vary from that of assumed sphericity, then the uncorrected results are
reported. For all pairwise comparisons, a Sidak adjustment was used to control for
inflated Type I error due to multiple comparisons (Sidak, 1967).

Age-Group Differences in Cool EF
To examine age-group differences in cool EF, scores on the cool EF tasks were
analysed across seven age groups (5 years, 6 years, 7 years, 8 years, 9 years, 10 years,
11-12 years) in a series of one-way ANOVAs. The results of all three tasks are
summarised in Table 3.
To examine age-group differences in inhibition, Stop-Signal Reaction Times for
the CANTAB Stop Signal Task were analysed. The assumption of homogeneity of
variance was not met, however the appropriate adjustments did not change the pattern
of results. The significant overall age effect, F (6, 119) = 9.07, p < .001, p2 = .31, was
entirely due to a significant linear trend, F (1, 119) = 49.92, p < .01. There was no
significant deviation from linearity. Pairwise comparisons indicated that the Stop
Signal Reaction Time for 5 and 6-year-olds was significantly slower than for children
aged 9 to 12 years. Performance of 7 and 8-year-olds was in the middle range, and was
not significantly different from either younger or older children.
To assess age-group differences in working memory, total errors on the
CANTAB Spatial Working Memory task were analysed. Again, the assumption of
homogeneity of variance was not met, however the appropriate adjustments did not
change the pattern of results. The significant overall age effect, F (6, 119) = 22.08, p <
.001, p2 = .53, was entirely due to a significant linear trend, F (1,119) = 126.87, p <
.01. There was no significant deviation from linearity. Pairwise comparisons indicated
that 5 and 6-year-olds did not differ from each other, but made significantly more errors
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Table 3
Cool EF Test Performance Across Age Groups

Test

5 years

6 years

7 years

8 years

9 years

10 years

11-12 years

M (SE)

M (SE)

M (SE)

M (SE)

M (SE)

M (SE)

M (SE)

Group Differences

414.66

378.33

297.39

315.89

249.24

230.18

208.62

5, 6 > 9, 10, 11-12

(24.38)

(27.44

(22.66)

(26.57)

(22.66)

(26.57)

(26.57)

66.84

64.27

50.50

48.63

37.36

37.10

25.75

(3.02)

(3.41)

(2.81)

(3.30)

(2.81)

(3.30)

(3.30)

7.53

7.53

8.32

7.94

8.36

8.00

8.38

(.21)

(.23)

(.19)

(.23)

(.19)

(.27)

(.27)

54.47

53.67

35.91

43.88

32.68

40.69

31.00

(4.53)

(5.10)

(4.21)

(4.94)

(4.21)

(4.94)

(4.94)

CANTAB SST
SSRT

CANTAB SWM
Total Errors

5,6 > 7, 8 >
9, 10, 11-12

CANTAB IED
Stages Completed

Total Errors
(adjusted)

Note. SWM = Spatial Working Memory task; SST = Stop Signal Task; IED = Intra-Extra Dimensional Set Shift task.

ns

5,6 > 9; 5, 6 > 11-12
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than all other age groups. Seven and 8-year-olds also did not differ from each other, but
made significantly more errors than all older age groups.
To examine age-group differences in shifting, the number of stages completed on
the CANTAB Intra-Extra Dimensional Set Shift task were analysed, along with the total
number of errors made (adjusted for the number of stages completed). For the number
of stages completed, the overall model was significant, F (6, 119) = 3.04, p < .01, p2 =
.13. However pairwise comparisons did not reveal any significant differences between
any age groups. For the total number of errors made, the assumption of homogeneity of
variance was not met, however the appropriate adjustments did not change the pattern
of results. The significant overall age effect, F (6, 119) = 4.13, p < .005, p2 = .17, was
entirely due to a significant linear trend, F (1, 119) = 15.46, p < .01. There was no
significant deviation from linearity. Pairwise comparisons revealed that 5 and 6-yearolds made significantly more errors than 9-year-olds, and 11 to 12-year-olds (but not
10-year-olds).
Comparing age-group effects in cool EF components. Comparison of the
effect sizes in the previous analyses suggests that the age effect was strongest for
working memory task (.53) followed by the inhibition task (.31) and lowest for shifting
(.13 and .17). To further evaluate this, standardised scores were computed for each
measure. Where necessary, these standardised scores were reversed to ensure that, in
each case, higher scores indicated better performance. A significant interaction between
task and age would provide evidence of a difference in the size of the age difference in
inhibition, working memory and shifting. To this end, a mixed ANOVA with Age as
the between-subjects variable and Task (inhibition, SSRT; working memory, SWM
total errors; and shifting, IED total adjusted errors) as the within-subjects variable was
performed. Mauchley’s test of sphericity was significant for the within-subjects effect,
but adoption of a Greenhouse-Geisser correction did not change the pattern of results.
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The analysis revealed a significant effect of Age, F (6, 119) = 21.69, p < .001, p2 = .52.
However, there was no main effect of Task (inhibition, working memory, shifting), F
(2, 238) = .04, p = ns, p2 = .00, or interaction between Age and Task, F (12, 238) =
1.59, p = ns, p2 = .07. This analysis suggests that the age effects on working memory,
inhibition and shifting do not differ in magnitude. Post-hoc analysis of the main effect
of Age showed that 5 and 6-year-olds performed more poorly than all older age groups,
with the exception of 8-year-olds who were not significantly different from 6-year-olds.
Seven-year-olds were not significantly different from 8 to 10-year-olds, but performed
more poorly than 11 to 12-year-olds. Eight-year-olds performed more poorly than 9,
and 11 to 12-year-olds, but were not significantly different from 10-year-olds. Finally,
there were no significant differences amongst 9 to 12-year-olds. Figure 8 summarises
the results.

Figure 8. Mean z scores for inhibition (SSRT), working memory (SWM total errors)
and shifting (IED total adjusted errors) by age group. Error bars represent ± 1 SEM.
Higher scores represent better performance.
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Age-Group Differences in Hot EF
To examine age-group differences in hot EF, scores on the hot EF tasks were analysed
in a series of one-way ANOVAs. The results of all three tasks are summarised in Table
4 below. Three outcome measures on the CANTAB Cambridge Gambling Task were
analysed. For the quality of decision score (proportion of times the more likely option
was chosen), the assumption of homogeneity of variance was not met, however the
appropriate adjustments did not change the pattern of results. The significant overall
age effect, F (6, 119) = 16.05, p < .001, p2 = .45, was entirely due to the significant
linear trend, F (1,119) = 126.87, p < .01. There was no significant deviation from
linearity. Pairwise comparisons revealed lower quality of decision scores for 5 and 6year-olds compared with all older age groups.
Delay aversion scores on the Cambridge Gambling Task were also analysed.
The significant overall age effect, F (6, 119) = 7.49, p < .001, p2 = .28, was entirely
due to the significant linear trend, F (1,119) = 37.38, p < .01. There was no significant
deviation from linearity. Pairwise comparisons revealed that 5 to 7-year-olds showed
higher levels of delay aversion than 9 to 12-year-olds.
Finally, risk adjustment scores for the Cambridge Gambling Task were analysed.
The significant overall age effect, F (6, 119) = 8.20, p < .001, p2 = .29, was entirely
due to the significant linear trend, F (1,119) = 43.18, p < .01. There was no significant
deviation from linearity. Pairwise comparisons revealed that 5 and 6-year-olds showed
a significantly lower tendency to bet a higher proportion of points when a large majority
of boxes were of the chosen colour, when compared with 9 to 12-year-olds.
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Table 4
Hot EF Test Performance Across Age Groups

Test

5 years

6 years

7 years

8 years

9 years

10 years

11-12 years

M (SE)

M (SE)

M (SE)

M (SE)

M (SE)

M (SE)

M (SE)

Group Differences

.58

.56

.78

.77

.89

.89

.96

5, 6 < 7, 8, 9, 10,
11-12

(.04)

(.04)

(.03)

(.04)

(.03)

(.04)

(.04)

.66

.72

.69

.57

.42

.39

.37

(.06)

(.06)

(.05)

(.06)

(.05)

(.06)

(.06)

-.44

-.14

.11

.18

.83

.77

.89

(.18)

(.20)

(.17)

(.19)

(.17)

(.19)

(.19)

1.32

1.60

1.96

1.81

1.91

2.00

1.88

(.12)

(.14)

(.12)

(.14)

(.16)

(.14)

(.14)

8.37

11.07

14.09

14.81

16.41

18.88

18.31

(.82)

(.95)

(.76)

(.89)

(.76)

(.89)

(.89)

CANTAB CGT
Decision Quality

Delay Aversion

Risk Adjustment

5, 6, 7 > 9, 10, 11-12

5, 6 < 9, 10, 11-12

Gift Delay
Delay Score

5 < 7a

Strange Stories Test
Total Score

Note. CGT = Cambridge Gambling Task; a Analysis includes data of 5, 6 and 7-year-olds only, N = 57

5 < 7, 8, 9, 10, 11-12;
6 < 9, 10, 11-12;
7 < 10, 11-12; 8 < 10
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For the Gift Delay task, inspection of scores revealed that children’s scores were
at ceiling from age 7 onwards. For this reason, only delay scores for 5 to 7-year-olds
were analysed. The assumption of homogeneity of variance was not met, however the
appropriate adjustments did not change the pattern of results. The significant overall
age effect, F (2, 53) = 4.51, p < .005, p2 = .15, was mainly due to the significant linear
trend, F (1, 119) = 12.35, p < .01. However there was also a significant deviation from
linearity. The significant quadratic trend, F (1, 119) = 6.09, p < .05, reflected the
leveling off in performance from age 7 onwards. Pairwise comparisons revealed that 5year-olds were significantly less likely to delay gratification than 7-year-olds.
To examine age-group differences in performance on the Strange Stories Test,
the total score across all twelve story types was analysed. The significant overall age
effect, F (6, 119) = 19.76, p < .001, p2 = .50 was mainly due to the significant linear
trend, F (1, 119) = 107.99, p < .01. However there was also a significant deviation from
linearity. The significant quadratic trend, F (1, 119) = 5.07, p < .05, likely reflected the
leveling off in performance from age 10 onwards. Pairwise comparisons revealed that
5-year-olds scored significantly lower than 7 to 12-year-olds, 6-year-olds scored
significantly lower than 9 to 12-year-olds, 7-year-olds scored significantly lower than
10 to 12-year-olds, and 8-year-olds scored significantly lower than 10-year-olds.
Comparing age-group effects in hot EF components. To test for a possible
interaction between hot EF tasks and age, a mixed ANOVA with Age as the betweensubjects factor and Task (Gift Delay score, CGT Decision Quality score, and Strange
Stories Test total score) as the within-subjects factor was performed. To allow
meaningful comparison of the age effects for different measures, standardised scores
were used. Where necessary, standardised scores were reversed to ensure that, in each
case, higher scores indicated better performance. Since all CANTAB Cambridge
Gambling Task measures showed a highly similar relationship with age, and to simplify
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comparisons across the different tasks, only the decision quality score was entered in
this analysis (substitution with the other two outcome measures produced the same
pattern of results). This analysis revealed a significant effect of Age, F (6, 119) =
26.74, p < .001, p2 = .57. As expected with standardised scores, there was no main
effect of Task (CGT Decision Quality, Gift Delay Score and Strange Stories Test Total
Score), F (2, 238) = .04, p = ns, p2 = .00. However, there was a significant interaction
between Age and Task, F (12, 238) = 2.10, p < .05, p2 = .10. Figure 9 summarises the
results.
This source of this interaction can be understood by comparing the effect of Age
for each Task. Reflecting the likely ceiling effect for the Gift Delay task, the size of the
age effect for the Gift Delay task (2 = .16) was smaller than the age effects for the
CGT Decision Quality score (2 = .45) and Strange Stories Test total score (2 = .50).
Additionally, when the analysis was repeated without the Gift Delay task, the
interaction between Age and Task was no longer significant, F (6, 119) = 1.08, p = ns,
p2 = .05. Thus the age effects on CGT and Strange Stories tasks were comparable in
size, but the age effect on Gift Delay task was smaller because of the ceiling effect on
this measure.
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Figure 9. Mean z scores for Delay of Gratification (Gift Delay task), Gambling Task
Decision Quality (Cambridge Gambling Task), and Theory of Mind (Strange Stories
Test) by age group. Error bars represent ± 1 SEM. Higher scores represent better
performance.

Comparison of Hot and Cool EF
Composite measures were used to explore the association between hot and cool
EF. Before constructing the composites, it was first necessary to examine the pattern of
relationships amongst the component measures. The main issue was to ensure that
better performance on any one component task of cool EF was not negatively associated
with performance on other cool EF tasks, and similarly that performance on any one
component task of hot EF was not negatively associated with performance on other hot
EF tasks. Negative associations would make the use of composite scores problematic.
The correlation matrix is shown in Table 5. To aid interpretation, scores have been
reversed where necessary to ensure that, for each measure, higher scores indicate better
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performance. The uniformly positive correlations reflect the positive associations
amongst all hot and cool tasks.
To assess age-related differences in the development of hot and cool EF, composite
measures of hot and cool EF were constructed; Hot Z Composite (standardised  = .71)
and Cool Z Composite (standardised  = .65). The composite measures were calculated
from the averaged standardised scores. The cool EF composite was based on
standardised scores for the following: Spatial Working Memory total errors (reversed),
Stop-Signal Reaction Time (reversed), and Intra-Extra Dimensional Set Shift total
errors (adjusted for stages completed and reversed). The hot EF composite was based
on standardised scores for the following: Gift Delay score, Cambridge Gambling Task
decision quality, Cambridge Gambling Task delay aversion (reversed), Cambridge
Gambling Task risk adjustment, and Strange Stories Test total score. Three outcome
measures were included from the Cambridge Gambling Task because each of these
measures might reflect separate processes that impact on task performance. This was
done after confirming that these measures were only moderately correlated with each
other (r = .37 to .48) and were therefore unlikely to result in multicollinearity
(Tabachnick & Fidell, 2007).
These composites were subjected to a mixed ANOVA with Age as the betweensubjects variable and Hot-Cool the within-subjects variable. This analysis revealed a
significant effect of Age, F (6, 118) = 38.34, p < .001, p2 = .66. As expected, there
was no significant main effect of Hot-Cool, F (1, 118) = .00, p = ns, p2 = .00. The
interaction between Age and Hot-Cool was not significant, F (6, 118) = .77, p = ns, p2
= .04. Thus there was no evidence that the age effects for hot EF and cool EF differed
in magnitude. Figure 10 summarises the results.
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Table 5
Intercorrelations amongst Age, and Hot and Cool EF Measures

EF Measure

1

2

3

4

5

6

7

8

9

10

1. Age

-

.70**

.55**

.27**

.34**

.62**

.49**

.52**

.30**

.67**

-

.54**

.34**

.39**

.53**

.44**

.47**

.32**

.57**

-

.16

.22*

.46**

.30**

.29**

.35**

.41**

-

.93**

.28**

.12

.23*

.16

.23**

-

.33**

.13

.28**

.18*

.27**

-

.40**

.48**

.28**

.42**

-

.37**

.15

.23*

-

.21*

.43**

-

.36**

2. SWM Total Errorsa
3. SST SSRTa
4. IED Stage Completed
5. IED Total Errorsa
6. CGT Decision Quality
7. CGT Delay Aversiona
8. CGT Risk Adjustment
9. Gift Delay Score

10. Strange Stories Test Total Score
Note. SWM = CANTAB Spatial Working Memory; SST = CANTAB Stop Signal Task; SSRT = Stop Signal Reaction Time; IED = Intra-Extra

-

Dimensional Set Shift task; CGT = CANTAB Cambridge Gambling Task; a Reversed (higher scores indicate better performance); * p < .05, ** p < .01

Hot and Cool EF Development

94

Figure 10. Mean z composite scores for hot and cool EF by age group. Errors bars
represent  1 SEM. Higher scores represent better performance.

Pairwise comparisons for the main effect of Age revealed that 5-year-olds (M =
-.84, SEM = .09) and 6-year-olds (M = -.68, SEM = .10) performed more poorly than all
older age groups, p < .001. Additionally, 7-year-olds (M = -.03, SEM = .08) and 8year-olds (M = -.08, SEM = .10) performed more poorly than 9-year-olds (M = .43,
SEM = .08), 10-year-olds (M = .48, SEM = .10), and 11 to 12-year-olds (M = .70, SEM
= .10), p < .005.
An exploratory factor analysis using maximum likelihood extraction was then
conducted to determine whether hot and cool EF would emerge as separate factors.
This analysis yielded a single factor solution (eigenvalue = 3.50) which accounted for
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36.57% of the variance. The factor loadings were .82 (SWM Errors), .62 (SSRT), .43
(IED Errors), .44 (Gift Delay), .68 (CGT Decision Quality), .59 (CGT Risk
Adjustment), .50 (CGT Delay Aversion), and .66 (Strange Stories Test). The single
factor solution provides no support for the hot-cool distinction.

Discussion
This study aimed to assess age-related development of EF during middle
childhood in a series of cross-sectional comparisons of children aged 5 to 12 years.
Hot and cool EF measures were included to determine whether hot and cool EF could
reliably be dissociated during childhood. As anticipated, the general finding was that
age-related improvements in performance were observed on all EF tasks, both hot and
cool. Across the age-range studied, all EF tasks showed a linear relationship with age.
Analysis using composite measures of hot and cool EF revealed no significant
differences in the rate of development between hot and cool EF. These findings are
discussed in detail below.
Regarding inhibition, previous research using stop-signal tasks has documented
improvements in inhibition that continue throughout middle childhood and into
adolescence (Bedard et al., 2002; Huizinga et al., 2006). The results of the present
study are consistent with this research and consistent with the study hypothesis,
revealing a steady pattern of improvement from ages 5 to 12. Other research using
different inhibition tasks has shown that performance levels off after age 8 or 9
(Romine & Reynolds, 2005), leading to the suggestion that inhibition might mature
earlier than other EF components such as working memory or switching (Best et al.,
2009). In the current study, trend analysis supported a strong linear relationship with
age. Any leveling off of performance would have been reflected in a significant
quadratic trend but this was not evident in the data.
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It is generally accepted that working memory improves steadily throughout
childhood and well into adolescence (Best et al., 2009). This pattern of improvement
has been documented on a range of tasks requiring working memory, both verbal and
visual (Gathercole, Pickering, Ambridge, et al., 2004; Luciana & Nelson, 2002).
Regarding working memory, the results of the current study are entirely consistent with
previous research, revealing a clear pattern of age-related improvement and a strong
linear age trend. Specifically, these results are also consistent with previous research
using the same task (Luciana & Nelson, 2002), both in terms of the pattern of agerelated development and the observed error rate.
Regarding age-related changes in shifting, no age-group differences were
observed in terms of the number of stages completed on the Intra-Extra Dimensional
Set Shift task. However age-group differences were observed in terms of the number
of errors made. This suggests that although some younger children (aged 5 and 6) were
able to complete all nine stages of the task (and successfully make the extradimensional shift), they took longer on average to discern the new sorting rule. Both
Luciana and Nelson (2002) and De Luca et al. (2003) found that by 8 years of age,
children were consistently able to complete all nine stages of this task. In this respect,
the current study is consistent with this prior research. The additional error data is
consistent with other developmental studies of task switching showing significant
improvement in shifting throughout middle childhood (Cepeda et al., 2001; Davidson
et al., 2006). This outcome measure showed a significant linear age trend (and no
significant deviation from linearity), reflecting ongoing improvement during middle
childhood.
When standardised scores for the three cool EF tasks were considered together,
no differences in the developmental trajectories of inhibition, working memory or
shifting were observed. This was evidenced by the absence of any task by age
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interaction. Best et al. (2009) have suggested that inhibition might develop sooner that
other EF components, developing rapidly in the preschool years and then at a slower
rate during middle childhood. The data of the present study do not support this
conclusion and show that all three cool EF components continue to develop steadily
throughout childhood, and at similar rates.
Regarding hot EF, the current study examined a number of outcome measures
from the Cambridge Gambling Task. Age-related improvements in quality of decision
making (choosing the more likely option) were observed. Whereas 5 and 6-year-olds
chose the more likely option 56 to 58% of the time (only slightly more than chance
levels), older children were increasingly more likely to select the more probable
outcome. A reduction in delay aversion was also observed across successive age
groups, indicating that older children were able to wait longer to choose their bet from
the range of options (rather than impulsively selecting the first bet offered). Older
children were also more likely to adjust their bet based on the probability of winning,
by betting more points when the odds were strongly in their favour. On each of these
measures, age-related improvements followed a significant linear trend. Previous
research using the Iowa Gambling Task and its variants has found that it is not until
adolescence that a shift towards selecting from advantageous decks is observed (Crone
& van der Molen, 2004; Prencipe et al., 2011). In contrast, the Cambridge Gambling
Task appears useful in capturing some of the important changes in decision making that
occur during middle childhood.
Amongst the 5 to 7-year-olds in the sample, it was found that 7-year-olds were
more likely to delay gratification than 5-year-olds. By 7 years of age, children were
performing at ceiling on this task, and consistently chose to delay gratification in
exchange for the larger reward. Traditionally, delay of gratification tasks have been
used with children aged 3 to 5 years (Mischel et al., 1989). The task used in the current
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study has extended the usefulness of this paradigm to include children older than 5
years. However it is likely that further improvements could be made to this task to
further extend its utility. For example, Wulfert et al. (2002) used a delay interval of a
week in their study of 11 to 18-year olds. Extending the delay interval beyond the
constraints of the testing session might therefore provide a way to make this task more
useful with older children.
Age-related improvements in theory of mind were observed in the current study,
consistent with the expectation that, as children develop, they are increasingly able to
interpret non-literal meanings of others behaviour. These results replicate the findings
of O'Hare et al. (2009) who observed a similar pattern of age-related improvements
using the same task and the same age range. The results are also consistent with
research using different higher-order theory of mind tasks (e.g., Liddle & Nettle, 2006).
As with the other EF tasks, a significant linear relationship with age was observed.
This reflects the ongoing development of theory of mind throughout middle childhood.
When standardised scores for the three hot EF tasks were considered together, a
significant interaction between task and age was observed, indicating a difference in
the developmental trajectories of the three tasks. However it seems likely that the
source of this interaction is the ceiling effect observed on the Gift Delay task. This
resulted in a smaller age effect for the Gift Delay task compared with the other hot EF
tasks. Additionally, this interaction was no longer evident when the Gift Delay task
was excluded from analysis. Thus, it seems unlikely that the results suggest a genuine
difference in the developmental trajectories of distinct components of hot EF.
An important goal of the current study was to determine whether hot and cool
EF could be distinguished from each other during middle childhood. This was assessed
by examining the factor structure of the EF tasks used, and by examining the
developmental trajectories of hot and cool EF. With regard to factor structure, previous
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developmental research spanning early childhood through adolescence has yielded
mixed results. Whereas some researchers have found no evidence of separate hot and
cool factors (Allan & Lonigan, 2011; Bunch & Andrews, 2012; Prencipe et al., 2011),
others have found that separate factors distinguished performance on hot and cool tasks
(Brock et al., 2009; Kim et al., 2013). In the current study, all EF tasks (both hot and
cool) were moderately correlated, and loaded onto a single factor. Zelazo and Mueller
(2011) suggest that EF components might become more differentiated with age,
consistent with the ongoing fractionation and specialisation of prefrontal neural
networks that continues into adulthood (V. Anderson & Spencer-Smith, 2013; Stiles &
Jernigan, 2010). However, Prencipe et al. (2011) found no evidence of separable EF
components amongst their sample of 8 to 15-year-olds. The results of the current study
are consistent with those of Prencipe et al. with regard to the single factor structure.
Potential differences in the developmental trajectories of hot and cool EF were
also evaluated. Whereas Bunch and Andrews (2012) found that hot tasks were
mastered earlier than cool tasks by younger children (aged 3 to 6 years), Prencipe et al.
(2011) found that hot tasks were mastered later than cool tasks by older children and
adolescents (aged 8 to 15 years). In the present study, analysis using composite
measures of hot and cool EF revealed no interaction with age, suggesting that the rate
of development of hot and cool EF is similar during middle childhood. Bunch and
Andrews’ study controlled for task complexity across their hot and cool tasks. This
was not the case in Prencipe et al.’s study where the differences might possibly be due
to differences in task difficulty rather than a difference in the rate of development. This
is clearly a topic that requires further research in order for a consensus to emerge.
Taken together, the results suggest that, consistent with the study hypotheses,
both hot and cool EF follow a protracted course of development throughout middle
childhood. A limitation of the current study is that it did not include an adult
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comparison group. Thus, it is not possible to determine whether the children in the
current study had reached adult levels of performance. The results of this study do not
provide any evidence in support of a hot-cool EF distinction. However an additional
source of evidence for a hot-cool distinction might be reflected in different
relationships with important functional outcomes in childhood (Kim et al., 2013).
These relationships are examined in the following chapter.
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CHAPTER 6.
Relationships of Executive Functions with Functional Outcomes2
The aim of the second study of this thesis was to determine whether hot and
cool EFs differentially predicted functional outcomes of intelligence, academic
achievement, and social competence in children 5 to 12 years of age. It also aimed to
investigate whether EFs moderated the relationship between temperament and
psychological difficulties (internalising and externalising problems). As noted in
Chapter 3, few studies to date have compared the contributions of hot and cool EFs in
predicting these important outcomes. Different relationships with these outcomes
would provide evidence of a hot-cool distinction during middle childhood.
EF and Intelligence
Although there is ongoing debate regarding the nature and strength of the
relationship between EF and intelligence, it is generally accepted that they are highly
related constructs (Ackerman et al., 2005; Blair, 2006). The relationship between EF
and Gf is likely to be especially strong due to Gf’s function of generating higher level
rules that assist in the organisation of knowledge (Blair, 2006), whereas Gc is likely to
be impacted by additional factors such as socioeconomic status and access to formal
education (Kaufman & Kaufman, 2006). Cool EF components of working memory
(Ackerman et al., 2005) and inhibition (Dempster, 1991; Dempster & Corkill, 1999)
have been shown to be associated with intelligence. In contrast, hot EF was found to
be unrelated to intelligence in a sample of brain injured adults (Bar-on et al., 2003), and
amongst a sample of children aged 3 to 5 years (Hongwanishkul et al., 2005). Thus, it
was anticipated that cool EF would be a stronger predictor of intelligence than hot EF.
Additionally, CHC theory predicts that the relationship between EF and intelligence
2

Part of this study was presented as a poster at the 41st Annual Meeting of the

International Neuropsychological Society in February 2013.
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would be stronger for Gf than for g or Gc (Ackerman et al., 2005; Duncan et al., 1995).
Amongst adults, Friedman et al. (2006) found that EF was related in a similar way to
Gf, Gc, and g. However, in developmental terms, Gf supports knowledge acquisition
(Gc) over time (Blair, 2006; Carroll, 1993). It was therefore anticipated that within the
current sample of children aged 5 to 12 years, the relationship between EF and
intelligence would be stronger for Gf than for Gc.
EF and Academic Achievement
Given the relative infancy of hot EF as a construct and topic of research, the
majority of research regarding EF and academic achievement has focused on cool EF.
Studies of the relationship between cool EF and a variety of academic domains
including reading, mathematics and science have consistently shown that cool EF
accounts for significant variance in academic performance (Booth et al., 2010; Brock et
al., 2009; Bull et al., 2008; Bull & Scerif, 2001; Gathercole & Pickering, 2000b;
Gathercole, Pickering, Knight, et al., 2004; St Clair-Thompson & Gathercole, 2006;
van der Sluis et al., 2007).
The relationship between hot EF and academic achievement is less clear, owing
to the small number of studies and their mixed findings. Some research has shown a
relationship between the ability to delay gratification and academic achievement, when
assessed during preschool and examined longitudinally (Mischel et al., 1988; Mischel
et al., 1989), and concurrently during adolescence (Duckworth & Seligman, 2005).
Additionally, Blair and Razza (2007) found that theory of mind predicted pre-reading
skills (letter knowledge) during preschool. However, other more recent studies have
failed to find a significant relationship between hot EF and academic achievement
(Brock et al., 2009; Kim et al., 2013; Willoughby et al., 2011). As suggested by Brock
et al. (2009) it seems possible that, as children develop and environmental supports are
gradually removed, children are increasingly required to self-manage competing
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demands. Based on the existing research, it was anticipated that, in the current study of
children aged 5 to 12 years, cool EF would be a stronger predictor of academic
achievement (word reading and mathematics) than hot EF.
EF and Social Competence
EF supports the ability to select and engage in socially competent behaviours
(those necessary for cooperating with others and forming good relationships with peers;
McClelland et al., 2007). Given the broad nature of the construct, methods for
assessing social competence are various and include ratings by significant others such
as parents, teachers and peers (e.g., Nigg et al., 1999), measures of sociometric status
(e.g., Bosacki & Astington, 1999), and behavioural or observational measures (e.g.,
Ciairano et al., 2007).
Research suggests an association between EF and social outcomes. Just as
better EF performance is associated with higher ratings of social competence (Clark et
al., 2002; Dennis et al., 2007), so too are EF deficits associated with socially
inappropriate behaviour such as aggression (Raaijmakers et al., 2008). In particular,
the cool EF component of inhibition has consistently been associated with various
indices of social competence such as cooperative problem solving (Ciairano et al.,
2007; McClelland et al., 2007) and teacher-rated social competence (Nigg et al., 1999)
during preschool and middle childhood years. Theory of mind (a hot EF) has also
consistently been associated with social competence throughout early and middle
childhood (Bosacki & Astington, 1999; Liddle & Nettle, 2006; Razza & Blair, 2009; A.
C. Watson et al., 1999). Few studies have directly compared hot and cool EF in
relation to social outcomes prediction. Theoretically, social problem solving should
rely more strongly on hot than cool EF, owing to the inherent emotional salience of
social situations (Zelazo et al., 2005). An early study of preschool children by Olson
(1989) found that inability to delay gratification was a stronger predictor of negative
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peer nominations than deficits in motor and cognitive inhibition, although both hot
(delay of gratification) and cool (inhibition) measures were significant predictors. A
recent study by Kim et al. (2013) found that delay of gratification measures
significantly predicted mother-, father-, and teacher-reported behaviour problems,
whereas cool EF measures of inhibition and shifting did not. Consistent with theorybased predictions and the aforementioned studies, it was anticipated that, in the current
study of children aged 5 to 12 years, hot EF would be a stronger predictor of social
competence than cool EF, being positively associated with prosocial behaviour and
negatively associated with peer problems.
EF and Childhood Psychological Difficulties
The final aim of this study was to investigate whether EF exerted a moderating
effect in the relationship between temperament and psychological difficulties. Carver
et al. (2008) propose that EF likely sustains control over the tendency to experience
strong emotion or to respond to particular environmental cues, a view that is consistent
with the iterative reprocessing model of EF (Cunningham & Zelazo, 2007; Zelazo et
al., 2010). Gray’s Reinforcement Sensitivity Theory (J. A. Gray, 1987; J. A. Gray &
McNaughton, 2000) proposes that separate neural systems mediate responses to
situations involving reward, punishment and conflict (situations of simultaneous reward
and punishment). This neurobiologically derived model of personality and
temperament was chosen for the current study.
The BIS/BAS scales (Carver & White, 1994) were constructed to assess
individual differences in behavioural inhibition sensitivity (BIS) and behavioural
approach sensitivity (BAS) in adults. Individuals high in BIS sensitivity are strongly
motivated towards escape and avoidance in situations of conflict. Individuals high in
BAS sensitivity are strongly motivated to approach and pursue rewards (J. A. Gray &
McNaughton, 2000). These scales have also been successfully adapted for use with
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children, both as a self-report instrument (Bjornebekk, 2007, 2009; Muris, Meesters, de
Kanter, & Timmerman, 2005), and as a parent-report instrument (Blair, 2003). Studies
using Carver and White’s BIS/BAS Scales with children have yielded inconsistent
findings with regard to the BAS factor structure. Amongst a sample of 170 children
aged 3 to 5 years, Blair, Peters, and Granger (2004) found that reliabilities for all three
BAS factors were lower than for BIS, and lower than those originally reported by
Carver and White. They therefore combined the three scales into an overall BAS score
to achieve sufficient reliability. Muris, Meesters, de Kanter and Timmerman (2005)
also found that a two factor solution of BIS and BAS fit their data well amongst a
sample of 8 to 12-year-olds. In contrast, Bjornebekk (2009) found evidence of two
separable BAS factors amongst their sample of 11 to 12-year olds; BAS Drive,
associated with persistence in goal pursuit, and a second factor that the authors named
BAS Pleasurable Affect, associated with positive affect when receiving incentives. In
all cases, BIS and BAS were clearly separable, which is consistent with theoretical
predictions.
Childhood psychological problems can be grouped into broad clusters of
internalising problems (those involving internal expression of distress such as anxiety
and depression), and externalising problems (those involving outward expression of
distress such as conduct disorder; Krueger, 1999; Krueger et al., 2001). Common
measures of childhood psychological functioning such as the Child Behaviour
Checklist (CBCL; Achenbach, 1991) and the Strengths and Difficulties Questionnaire
(SDQ; Goodman, 1997) contain subscales that assess these broad clusters of
difficulties.
For individuals who are highly sensitive to signals of reward (high BAS) or
punishment and conflict (high BIS), behavioural and emotional self regulation might be
more difficult than for individuals who tend not to perceive these signals with such
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intensity (Carver et al., 2008; Thorell et al., 2004). The interactive effects of
temperament and EF on psychological problems in children were explored by Thorell
et al. (2004). Amongst their sample of 5-year-olds, behavioural avoidance (BIS) was
positively associated with social anxiety and negatively associated with social
initiative. When examined in combination with an EF task of inhibition (go/no-go
task) only the combination of high BIS and high (better) inhibition was predictive of
social anxiety (an internalising problem). That is, those children with a strong
tendency to withdraw and who were better able to inhibit dominant responses showed
the highest levels of social anxiety. This result is somewhat surprising since, from a
theoretical perspective, it would be expected that poor executive control over strong
behavioural predispositions might be associated with greater expression of those
behaviours (Carver, 2008; Carver et al., 2008). It was therefore unclear what the nature
and direction of any moderating effect of EF might be. Consistent with the empirical
findings of Thorell et al., it was anticipated that the relationship between BIS and
internalising problems might be strongest when cool EF performance was better.
However, based on theoretical predictions, it was also possible that the relationship
between BIS and internalising problems might be strongest when EF was poor.
There are conflicting arguments about the role of BIS and BAS as they relate to
externalising problems. Whereas some research suggests that high BAS sensitivity is
associated with the tendency to act impulsively, and is thereby related to conduct
problems (Colder & O'Connor, 2004; Hundt, Kimbrel, Mitchell, & Nelson-Gray,
2008), others have found that low BIS sensitivity is related to externalising problems
such as hyperactivity, because it results in an inability to inhibit behaviour in response
to cues of impending punishment (Quay, 1997; Thorell et al., 2004). Given the
theoretical independence of BIS and BAS, it is possible that a combination of high
BAS and low BIS would constitute the highest risk for externalising problems. This

Hot and Cool EF Development 107

hypothesis was tested in a sample of 273 adult college students by Hundt et al. (2008).
Whereas high BAS was associated with a broad range of externalising symptoms
including hyperactivity, alcohol abuse, substance abuse, and psychopathy, low BIS was
associated only with substance abuse and hyperactivity (the latter only when inattentive
symptoms were partialled out). The authors concluded that BAS is more strongly
associated with externalising problems than BIS is. Amongst a sample of 63 children
aged 9 to 12 years, Colder and O'Connor (2004) found that BAS Fun Seeking predicted
externalising problems whereas BIS predicted internalising problems. Considering
BAS has been more reliably associated with externalising problems, it was anticipated
that BAS sensitivity would be associated with externalising problems in the current
study. No prior research could be identified that examined the moderating role of EF in
this relationship. It was anticipated that the relationship between BAS and
externalising would be amplified (stronger) in children with poor EF and weaker in
children with good/better EF. No specific predictions were made about whether this
relationship would be different for hot versus cool EF.
To summarise, it was hypothesised that hot and cool EF might show different
patterns of association with a variety of important functional outcomes. Cool EF was
expected to be a stronger predictor of intelligence and academic achievement, while hot
EF was expected to explain more variance in social competence. Additionally, it was
hypothesised that EF would interact with temperament, exerting a moderating effect on
the relationship between BIS and internalising problems on the one hand, and BAS
sensitivity and externalising problems on the other.
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Method
Participants
The same participants described previously in Chapter 5 were also used in the
current study.

Measures and Procedure
Intellectual functioning. An estimate of intelligence was obtained using the
Wechsler Abbreviated Scale of Intelligence (WASI). The two subtest version of this
brief assessment instrument provides a measure of Gf (Matrix Reasoning subtest) and
Gc (Vocabulary subtest). The WASI is appropriate for use with individuals aged 6 to
89 years. The test has a substantially shorter administration time compared with the
WISC-IV, and is therefore useful for research purposes (The Psychological
Corporation, 1999). The correlation between the two-subtest version of the WASI and
full scale WISC-III IQ scores is acceptable (.81), indicating that this brief test can
provide a reliable estimate of psychometric intelligence. Because of its relatively
objective scoring criteria, inter-rater reliability generally exceeds .90. Test-retest
reliability for the 2 subtest version in six to eleven year olds is .83 (The Psychological
Corporation, 1999). Age adjusted T scores for the two subtests are available with the
testing materials.
Because the current study also included a group of five-year-old participants, it
was also necessary to obtain a separate measure of general intellectual functioning for
this group using another test other than the WASI. The Vocabulary and Matrix
Reasoning subtests from the Wechsler Preschool and Primary Scale of Intelligence,
Third Edition (WPPSI-III) were selected on the basis of their high face validity,
because no empirical validation studies comparing the WPPSI with the WASI were
identified in the literature. These two subtests were substituted for the equivalent
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subtests in the WASI. Age-normed scaled scores were converted to T-Scores via linear
transformation, and the FSIQ score was calculated using the same method as for the
WASI.
Academic achievement. Academic ability in reading and mathematics was
assessed using the Word Reading and Numerical Operations subtests from the
Wechsler Individual Achievement Test, second edition (WIAT-II), Australian
Abbreviated version. This test has been normed on a sample of 1163 Australian
children and adolescents and is appropriate for administering to individuals aged 5 to
85 years (Harcourt Assessment, 2007). Correlations between WIAT subtests and the
WASI are similar to those obtained between the WIAT and WISC-III (The
Psychological Corporation, 1999). Correlations between the two subtest version of the
WASI and the WIAT are moderate (.61 for Word Reading and .60 for Numerical
Operations).
The Word Reading subtest requires individuals to read from a list of words
presented in increasing order of difficulty. Beginning items on this subtest also assess
pre-reading skills such as letter knowledge and letter-sound associations. The
Numerical Operations subtest requires individuals to solve a range of mathematical
problems presented in increasing order of difficulty, and completed in paper and pencil
format. Beginning items on this subtest also assess preliminary mathematical
knowledge such as number identification and counting ability. Raw scores were
computed for use in all analyses.
Social competence and psychological difficulties. The Strengths and
Difficulties Questionnaire (SDQ; Goodman, 1997) is widely used in clinical practice
and research, and was selected in this study to provide a brief assessment of overall
social and psychological functioning. This freely available 25-item questionnaire
contains five subscales: Conduct Problems, Emotional Symptoms, Hyperactivity, Peer
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Problems, and Prosocial Behaviour. It is suitable for administering to children aged 4
to 16 years. Parent and teacher report forms are available; the parent report form was
used in the current study. Responses are given on a 3-point scale; not true, somewhat
true and certainly true.
Norms have been developed in a variety of countries. The British normative
sample consisted of 10,298 parents and 8,208 teachers and, in addition to the complete
sample statistics, includes separate norms by gender and by age (5 to 10 years, and 11
to 15 years; Meltzer, Gatward, Goodman, & Ford, 2000). Australian norms are also
available; the normative sample consisted of 910 parents, teachers and youth aged 7 to
17 years, randomly sampled through Victorian government schools (Mellor, 2005).
The Australian norms are highly consistent with those obtained from the British
sample.
The reliability of the SDQ is acceptable; for the parent-report version, internal
consistencies of the five subscales range from .57 (Peer Problems subscale) to .77
(Hyperactivity subscale; Goodman, 2000). In terms of predicting probable clinical
diagnosis, the SDQ has high specificity but lower sensitivity, reflecting the tendency of
the SDQ to be somewhat overinclusive (Goodman, 2000; Goodman, Renfrew, &
Mullick, 2000). It is therefore most useful as a screening instrument to inform more
detailed clinical interviewing. As a brief scale, the SDQ compares favourably with
longer measures such as the Child Behaviour Checklist (CBCL; Achenbach, 1991;
Goodman & Scott, 1999). The Conduct Problems, Emotional Symptoms, and Peer
Problems subscales all correlate highly with the corresponding Externalising,
Internalising, and Social Problems subscales from the CBCL (Goodman & Scott,
1999). Thus, the Peer Problems and Prosocial Behaviour subscales provided a measure
of social competence, the Conduct Problems subscale provided a measure of
externalising problems, and the Emotional Symptoms subscale provided a measure of
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internalising problems. The questionnaire was sent home with children for parents to
complete and return by post.
BIS/BAS sensitivity. The BIS/BAS scales (Carver & White, 1994) were
designed to assess individual differences in BIS and BAS sensitivity in adults.
However the scales have also been successfully adapted for use with children, both self
reported (Bjornebekk, 2007, 2009; Muris et al., 2005), and parent reported (Blair,
2003). Both child-report and parent-report versions were administered in the current
study (see Appendices C and D). Consistent with Muris et al. (2005), the wording of
some items was simplified to make them more easily understood by children. The
questionnaire was administered orally to all children, since reading proficiency was not
sufficient in some younger children. The parent report version was sent home with
children for parents to complete and return. For parents who did not return the
questionnaire within a month, a reminder letter with a copy of the questionnaire
package was sent. Child-reported BAS sensitivity was not associated with any SDQ
scale, and child-reported BIS sensitivity was only weakly correlated with SDQ
Emotional Problems (r = .24, p < .05). The parent-report version was therefore used in
all analyses and the child-report data is not referred to again in the thesis.
The 20-item questionnaire contains four subscales; BIS, BAS Reward
Responsiveness, BAS Drive and BAS Fun Seeking. There are seven BIS items (e.g.,
“My child worries about making mistakes”), five BAS Reward Responsiveness items
(e.g., “When my child is doing well at something, they like to keep doing this”), four
BAS Drive items (e.g., “When my child wants something, they usually go all the way
to get it”), and four BAS Fun Seeking items (e.g., “My child is always willing to try
something new when they think it will be fun”). Responses were given on a 4-point
scale; not like them, a little like them, like them, and very like them. Scores were
computed for each of the four subscales.
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As discussed earlier, when used with children, some conflicting findings
emerged with regard to BAS factor structure, but the factor structure supported a clear
separation between BIS and BAS in all cases (Bjornebekk, 2007, 2009; Blair, 2003;
Muris et al., 2005). The BIS/BAS Scales have been normed on a large Australian
community sample of 2725 adults (Jorm et al., 1999). Jorm et al. replicated the factor
structure obtained by Carver and White (1994), and also supported a two-factor
separation between BIS and BAS. Internal consistencies for the subscales ranged from
.65 for BAS Reward Responsiveness to .83 for BIS. Consistent with theoretical
predictions, the BIS subscale was positively correlated with measures of neuroticism
and negative affectivity, whereas the BAS subscales were related to extraversion and
positive affect.
These results of childhood studies are largely consistent with those obtained for
the adult sample. Bjornebekk (2009) found internal consistencies of .73 for BIS and
.79 for the combined BAS scale. Muris et al. (2005) found internal consistencies of .78
for BIS and .81 for the overall BAS scale. The BIS scale was strongly correlated with
neuroticism and negative affect, whereas the BAS scale was more strongly correlated
with extraversion and positive affect (Bjornebekk, 2009). Also consistent with
expectations, BIS was correlated with parent-reported emotional problems on the SDQ,
whereas BAS was correlated with parent-reported hyperactivity and conduct problems
on the SDQ (Muris et al., 2005).
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Results
Data Analytic Plan and Data Treatment
Potential differences in the relationships of hot and cool EF with functional
outcomes of intelligence, academic achievement and social competence were assessed
in a series of multiple regression analyses. Composite measures of hot and cool EF
were initially used as predictors, and then followed up with more detailed analyses of
individual EF measures having a correlation of .2 or greater with the criterion. To
assess whether the relationship between EF and intelligence was different for Gf and
Gc, a net regression analysis was performed. Finally, to examine any moderating effect
of EF on the relationships between temperament (BIS and BAS) and psychological
difficulties (internalising and externalising problems), hierarchical regression analyses
were used. Where age and/ or gender were significantly correlated with the criterion,
age and/or gender were included as predictors as appropriate.
Where possible, raw scores were analysed. This was done so that extraneous
variables that might be correlated with the criterion (such as age and/or gender) could
be identified and accounted for in the statistical models. The exception to this
approach was in analysis of Full Scale IQ scores. This standardised score is calculated
from age-normed T scores. It is acknowledged that this difference in method of
analysis might limit interpretation of any differences between Full Scale IQ and
individual measures of Vocabulary and Matrix Reasoning as they relate to EF.
Some parents did not return the questionnaire. Questionnaire responses were
obtained for 105 of the 126 participants (83%). Children whose parents returned the
questionnaire did not differ from children whose parents did not return the
questionnaire on measures of EF, intelligence or academic achievement, consistent
with a pattern of missingness at random (Rubin, 1976). For all relevant analyses, data
of these participants were excluded listwise.
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Intercorrelations Amongst Measures
Table 6 provides descriptive statistics and a correlation matrix for the hot and
cool EF composite scores, age, gender, and the functional outcome measures of
intelligence and academic achievement. As expected, all variables were significantly
correlated with age (with the exception of the age-adjusted full-scale IQ). None of the
measures were significantly associated with gender. The majority of EF, intelligence
and academic achievement measures were significantly correlated. The exception was
a non-significant relationship between full-scale IQ and mathematics (Numerical
Operations).
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Table 6
Summary of Correlations, Means and Standard Deviations for Age, Gender, Cool EF, Hot EF, Intelligence and Academic Achievement Measures
Variable

Mean

SD

1. Gender
2. Age

8.41

2.12

3. Hot EF Composite

.01

.68

4. Cool EF Composite

.00

.77

5. Full Scale IQ

111.78

12.17

6. Vocabularya

36.22

9.00

7. Matrix Reasoninga

20.77

7.03

8. Word Reading

84.47

29.70

1.

2.

3.

4.

5.

6.

7.

8.

9.

-

-.07

.04

-.09

.05

-.13

-.03

-.04

-.08

-

.76**

.69**

.06

.79**

.73**

.85**

.93**

-

.68**

.32**

.70**

.74**

.76**

.74**

-

.39**

.62**

.70**

.71**

.70**

-

.49**

.53**

.30**

.16

-

.66**

.79**

.37**

-

.74**

.31**

-

.81**

9. Numerical Operations
17.18
9.10
Note. * p < .05; ** p < .01; N = 126 (59 male, 67 female); Hot and Cool EF Composite Scores reported as z scores; Full Scale IQ reported as standard
score; Vocabulary, Matrix Reasoning, Word Reading and Numerical Operations reported as raw scores.
a

values reported are for 6 to 12 year olds, N = 107
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EF and Intelligence
To test the hypothesis that cool EF would be a stronger predictor of intelligence
than hot EF, a standard multiple regression was performed using Full Scale IQ as the
criterion, and composite measures of hot EF and cool EF as predictors. The multiple
regression analysis was significant, F (2, 122) = 11.27, p < .001, and showed that hot
and cool EF accounted for 16% of the variance in Full Scale IQ scores. Table 7 shows
the individual associations of each predictor. Cool EF was a significant unique
predictor of Full Scale IQ, whereas hot EF was not.

Table 7
Multiple Regression of Full Scale IQ on Hot and Cool EF
Full Scale IQ
sr2 (unique)

Variable

B

95% CI

Constant

111.77**

[109.77, 113.77]

Cool EF

5.20**

[1.58, 8.81]

.06

Hot EF

1.78

[-2.22, 5.78]

.00

R2
Note. ** p < .01
a

.16a

Unique variability = .06; Shared variability = .10

To explore the source of this pattern of results further, a subsequent multiple
regression analysis was conducted by entering individual EF tasks as predictors. A
correlation matrix showing the relationship between individual EF tasks and all
functional outcome measures is included in Appendix E. Only measures with a simple
bivariate correlation of .2 or greater with the criterion (Full Scale IQ) were included in
this analysis. The overall model was significant, F (7,118) = 4.13, p < .001, accounting
for 19.7% of variance in Full Scale IQ scores. The individual associations of each EF
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task are shown in Table 8. Of the seven EF tasks included in the analysis, only two
cool EF tasks, SSRT measuring inhibition and Intra-Extra Dimensional Set Shift
measuring shifting, explained significant unique variance in Full Scale IQ.

Table 8
Multiple Regression of Full Scale IQ on Inhibition, Working Memory, Shifting,
Gambling Performance, Delay of Gratification, and Theory of Mind
Full Scale IQ
sr2 (unique)

Variable

B

95% CI

Constant

111.77**

[93.04, 130.49]

SSRT

-.02*

[-.04, -.003]

.035

SWM

.04

[-.11, .19]

.002

IED

-.17*

[-.22, -.01]

.033

CGT Decision Quality

4.51

[-7.65, 16.66]

.004

CGT Risk Adjustment

.33

[-2.36, 3.02]

.000

Gift Delay Task

2.62

[-1.22, 6.46]

.012

Strange Stories Test

.10

[-.42, .62]

.001

R2
.197a
Note. * p < .05; ** p < .01; SSRT = Stop Signal Reaction Time; SWM = Spatial
Working Memory; IED = Intra-Extra Dimensional Set Shift task; CGT = Cambridge
Gambling Task
a

Unique variability = .087; Shared variability = .110

Vocabulary and matrix reasoning raw scores were also analysed separately as
measures of Gf and Gc respectively. For the following analyses, 5-year-olds’ data
were excluded from analysis because a different measure of intelligence was used and
raw scores could therefore not be combined (n = 107). Five-year-olds’ data were not
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analysed separately since the small sample size (n = 19) did not yield sufficient
statistical power (Tabachnick & Fidell, 2007).
Predicting crystallised intelligence. To assess whether cool EF was a stronger
predictor of crystalised intelligence than hot EF, a standard multiple regression was
performed using Vocabulary raw scores as the criterion, and Age and composite
measures of hot EF and cool EF as predictors. The multiple regression analysis was
significant, F (3, 103) = 70.42, p < .001, and showed that Age, hot and cool EF
accounted for 67% of the variance in Vocabulary scores. Table 9 shows the individual
associations of each predictor. Age and hot EF predicted significant unique variance in
Vocabulary raw scores, whereas cool EF did not. The majority of variance accounted
for (51%) was shared.

Table 9
Multiple Regression of Vocabulary Raw Scores on Age, Cool EF and Hot EF
Vocabulary
sr2 (unique)

Variable

B

95% CI

Constant

11.81**

[4.63, 18.99]

Age

2.63**

[1.80, 3.46]

.13

Cool EF

1.83

[-.16, 3.83]

.01

Hot EF

3.62**

[1.01, 6.23]

.02

R2
Note. ** p < .01
a

.67a

Unique variability = .16; Shared variability = .51

To explore the source of this pattern of results further, a subsequent multiple
regression analysis was conducted by entering individual EF tasks as predictors. In
addition to Age, only measures with an age-partialled correlation of .2 or greater with
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the criterion (Vocabulary) were included in this analysis. The overall model was
significant, F (3,103) = 70.63, p < .001, accounting for 67.3% of variance in
Vocabulary scores. The individual associations of each EF task are shown in Table 10.
Both of the EF tasks included in this analysis, those measuring inhibition (cool EF) and
theory of mind (hot EF), explained significant unique variance in Vocabulary scores.

Table 10
Multiple Regression of Vocabulary Raw Scores on Age, Inhibition and Theory of Mind
Vocabulary
sr2 (unique)

Variable

B

95% CI

Constant

5.57

[-2.49, 13.62]

2.93**

[2.21, 3.65]

.205

SSRT

-.01*

[-.02, .00]

.013

Strange Stories Test

.48**

[.19, .78]

.034

Age

R2
.673a
Note. * p < .05; ** p < .01; SSRT = Stop Signal Reaction Time
a

Unique variability = .252; Shared variability = .421

Since both inhibition and theory of mind contributed significantly to regression,
a further test of the difference between the standardised regression coefficients was
performed to determine whether one was a stronger predictor than the other. This test
is described in Cohen, Cohen, West and Aiken (2003, p.640). Analysis revealed that
the difference between the standardised regression coefficients for inhibition (SSRT = .13) and theory of mind (ToM = .22) was not significant, t (103) = .87, p = ns.
Predicting fluid intelligence. To assess whether cool EF was a stronger
predictor of fluid intelligence than hot EF, a standard multiple regression was
performed using Matrix Reasoning raw scores as the criterion, and Age and composite
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measures of hot EF and cool EF as predictors. The multiple regression analysis was
significant, F (3, 103) = 72.11, p < .001, and showed that Age, hot and cool EF
accounted for 68% of the variance in Matrix Reasoning scores Table 11 shows the
individual associations of each predictor. All three predictors contributed significant
unique variance to regression. However the majority of variance explained (54%) was
shared.

Table 11
Multiple Regression of Matrix Reasoning Raw Scores on Age, Hot and Cool EF
Matrix Reasoning
sr2 (unique)

Variable

B

95% CI

Constant

9.58**

[4.01, 15.14]

Age

1.12**

[.48, 1.77]

.04

Cool EF

3.26**

[1.71, 4.81]

.05

Hot EF

4.00**

[1.97, 6.02]

.05

R2
Note. ** p < .01
a

.68a

Unique variability = .14; Shared variability = .54

Since both cool and hot EF contributed significantly to regression, a further test
of the difference between the standardised regression coefficients was performed to
determine whether one was a stronger predictor than the other (J. Cohen et al., 2003).
Analysis revealed that the difference between the standardised regression coefficients
for hot EF (hot EF = .33) and cool EF (cool EF = .32) was not significant, t (103) = 0.14,
p = ns.
To explore the source of this pattern of results further, a subsequent multiple
regression analysis was conducted by entering individual EF tasks as predictors. In
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addition to Age, only measures with an age-partialled correlation of .2 or greater with
the criterion (Matrix Reasoning) were included in this analysis. The overall model was
significant, F (7, 99) = 30.14, p < .001, accounting for 68.1% of variance in Matrix
Reasoning scores. The individual associations of each EF task are shown in Table 12.
Of the EF tasks included in this analysis, two cool EF measures (those measuring
inhibition and shifting) and one hot EF measure (gambling decision quality), explained
significant unique variance in Matrix Reasoning scores.

Table 12
Multiple Regression of Matrix Reasoning Raw Scores on Age, Inhibition, Working
Memory, Shifting, Gambling Performance and Delay of Gratification
Matrix Reasoning
sr2 (unique)

Variable

B

95% CI

Constant

7.76

[-1.49, 17.01]

1.35**

[.71, 1.98]

.057

SSRT

-.01*

[-.02, -.00]

.015

SWM

-.05

[-.11, .01]

.010

IED

-.05**

[-.09, -.02]

.024

CGT Decision Quality

6.83**

[1.77, 11.90]

.023

CGT Risk Adjustment

1.01

[-.06, 2.07]

.011

Gift Delay Task

1.16

[-.73, 3.05]

.005

Age

R2
.681a
Note. * p < .05; ** p < .01; SSRT = Stop Signal Reaction Time; SWM = Spatial
Working Memory; IED = Intra-Extra Dimensional Set Shift; CGT = Cambridge
Gambling Task
a

Unique variability = .323; Shared variability = .358

Hot and Cool EF Development 122

Comparing the effect of EF on Gf and Gc. To test whether the relationship
between EF and intelligence was different for Gf and Gc, a net regression analysis was
performed using a procedure devised by P. Cohen, Brook, Cohen, Velez, and Garcia
(1990) and also described by J. Cohen et al. (2003, p. 642). This procedure assesses
whether a set of predictors have, collectively and individually, a different relationship
to two different criterion variables within the same sample. All predictor and criterion
variables were standardised prior to analysis. At the first step, Vocabulary scores were
regressed on Age, cool EF and hot EF. From this analysis, the predicted Vocabulary
scores were saved (𝑍̂Vocabulary). These predicted scores were then subtracted from the
standardised Matrix Reasoning scores (ZMatrix Reasoning). The resulting difference scores
(ZMatrix Reasoning - 𝑍̂Vocabulary) were then regressed on the original set of predictors (Age,
cool EF and hot EF). The overall test of this net regression analysis (R2) indicates
whether the two criterion variables have a different relationship to the set of
independent variables. The tests of the individual beta weights indicate which
predictors differ significantly, and in which direction.
The multiple regression analysis was significant, F (3, 103) = 3.62, p < .05.
Collectively, the predictors accounted for 9.5% of variance in the difference scores (R2
= .095). The individual associations of each predictor are presented in Table 13. As
shown, Age and cool EF had significantly different associations with Gf and Gc. The
negative coefficient for age suggests that the association with age was significantly
smaller for Gf than for Gc. In contrast, the positive coefficient for cool EF suggests
that the association with cool EF was significantly greater for Gf than for Gc. For hot
EF, no significant difference was observed between Gf and Gc.
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Table 13
Net Regression Analysis: Significant Differences in Predictors of Fluid and
Crystallised Intelligence
Matrix Reasoning (Gf) – Vocabulary (Gc)



Variable

B

95% CI

Constant

-.07

[-.19, .05]

-.24**

[-.41,-.08]

-.41

Cool EF

.26*

[.04, .48]

.30

Hot EF
Note. * p < .05; ** p < .01

.17

[-.12, .46]

.16

Age

To summarise the results with regard to intelligence, when hot and cool EF were
considered together, cool EF was a significant unique predictor of Full Scale IQ,
whereas hot EF was not. For Gc, when age, hot and cool EF were considered together,
hot EF was a significant unique predictor of Vocabulary raw scores, whereas cool EF
was not. For Gf, when age, hot and cool EF were considered together, both hot and
cool EF were significant predictors of Matrix Reasoning raw scores, each explaining
unique variance. In all cases, the majority of variance accounted for by the predictors
was shared. A test of the difference between Gc and Gf in their relationship with age,
hot and cool EF showed that cool EF had a stronger relationship with Gf than Gc, and
age had a stronger relationship with Gc than Gf.

EF and Academic Achievement
Predicting word reading. To assess whether cool EF was a stronger predictor
of a measure of academic achievement (viz., word reading) than hot EF, a standard
multiple regression was performed using WIAT Word Reading raw scores as the
criterion, and Age and composite measures of hot EF and cool EF as predictors. The
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multiple regression analysis was significant, F (3, 121) = 131.59, p < .001, and showed
that Age, hot and cool EF accounted for 77% of the variance in Word Reading scores.
Table 14 shows the individual associations of each predictor. All three predictors
contributed significant unique variance to regression. The majority of variance
accounted for (62%) was shared.

Table 14
Multiple Regression of Word Reading Raw Scores on Age, Hot and Cool EF
Word Reading
sr2 (unique)

Variable

B

95% CI

Constant

17.53**

[.20, 34.86]

Age

7.92**

[5.89, 9.95]

.12

Cool EF

7.78**

[2.77, 12.79]

.02

Hot EF

8.59**

[2.37, 14.80]

.01

R2
Note. ** p < .01
a

.77a

Unique variability = .15; Shared variability = .62

Since both hot and cool EF contributed significantly to regression, a further test
of the difference between the standardised regression coefficients was performed to
determine whether one was a stronger predictor than the other. This analysis revealed
that the difference between the standardised regression coefficients for hot EF (hot EF =
.20) and cool EF (cool EF = .20) was not significant, t (122) = 0.01, p = ns.
To explore the source of this pattern of results further, a subsequent multiple
regression analysis was conducted by entering individual EF tasks as predictors. In
addition to Age, only measures with an age-partialled correlation of .2 or greater with
the criterion (Word Reading) were included in this analysis. The overall model was
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significant, F (5, 120) = 96.13, p < .001, accounting for 80% of variance in Word
Reading scores. The individual associations of each EF task are shown in Table 15. Of
the EF tasks included in this analysis, two hot EF measures (those measuring delay of
gratification and theory of mind) and one cool EF measure (inhibition), explained
significant unique variance in Word Reading scores.

Table 15
Multiple Regression of Word Reading Raw Scores on Age, Inhibition, Working
Memory, Delay of Gratification, and Theory of Mind
Word Reading
sr2 (unique)

Variable

B

95% CI

Constant

1.19

[-23.14, 25.52]

7.58**

[5.73, 9.42]

.110

SSRT

-.03*

[-.05, -.00]

.008

SWM

-.11

[-.30, .08]

.002

Gift Delay Task

6.73**

[2.10, 11.35]

.014

Strange Stories Test

1.42**

[.74, 2.11]

.028

Age

R2
.800a
Note. * p < .05; ** p < .01; SSRT = Stop Signal Reaction Time; SWM = Spatial
Working Memory.
a

Unique variability = .162; Shared variability = .638

To determine whether the hot EF measures were stronger than the cool EF
measure, a further test of the difference between the standardised regression
coefficients was performed. This analysis revealed that the difference between the
standardised regression coefficients for inhibition (SSRT = -.12) and delay of
gratification (DoG = .13) was not significant, t (101) = .22, p = ns. Similarly, the
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difference between the standardised regression coefficients for inhibition (SSRT = -.12)
and theory of mind (ToM = .24) was also not significant, t (101) = 1.48, p = ns.
Predicting mathematical ability. To assess whether cool EF was a stronger
predictor of another measure of academic achievement (viz., mathematical ability) than
hot EF, a standard multiple regression was performed using WIAT Numerical
Operations raw scores as the criterion, and Age and composite measures of hot EF and
cool EF as predictors. The multiple regression analysis was significant, F (3, 121) =
287.85, p < .001, and showed that Age, hot and cool EF accounted for 88% of the
variance in Numerical Operations scores. Table 16 shows the individual associations
of each predictor. Age and cool EF but not hot EF contributed significant unique
variance to regression. The majority of variance accounted for (62%) was shared.

Table 16
Multiple Regression of Numerical Operations Raw Scores on Age, Hot and Cool EF
Numerical Operations
sr2 (unique)

Variable

B

95% CI

Constant

-13.34**

[-17.14, -9.54]

Age

3.62**

[3.17, 4.06]

.26

Cool EF

1.15*

[.05, 2.25]

.00

Hot EF

.36

[-1.00, 1.72]

.00

R2
Note. * p < .05, ** p < .01
a

.88a

Unique variability = .26; Shared variability = .62

To explore the source of this pattern of results further, a subsequent multiple
regression analysis was conducted by entering individual EF tasks as predictors. In
addition to Age, only measures with an age-partialled correlation of .2 or greater with
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the criterion (Numerical Operations) were included in this analysis. The overall model
was significant, F (4, 121) = 233.06, p < .001, accounting for 88.5% of variance in
Numerical Operations scores. The individual associations of each EF task are shown in
Table 17. Of the EF tasks included in this analysis, only one cool EF measure
(working memory), explained significant unique variance in Numerical Operations
scores.

Table 17
Multiple Regression of Numerical Operations Raw Scores on Age, Inhibition, Working
Memory, and Gambling Performance
Numerical Operations
sr2 (unique)

Variable

B

95% CI

Constant

-10.82**

[-16.23, -5.41]

3.39**

[2.98, 3.80]

.255

SSRT

.000

[-.01, .01]

.000

SWM

-.06**

[-.11, -.02]

.008

3.14

[-.26, 6.54]

.003

Age

CGT Decision Quality

R2
.885a
Note. * p < .05; ** p < .01; SSRT = Stop Signal Reaction Time; SWM = Spatial
Working Memory; CGT = Cambridge Gambling Task.
a

Unique variability = .266; Shared variability = .619

To summarise the results with regard to academic achievement, when age, hot
and cool EF were considered together, both hot and cool EF were significant predictors
of Word Reading, each contributing unique variance in addition to that accounted for
by age. In contrast, when age, hot and cool EF were considered together, cool EF, but
not hot EF, was a significant unique predictor of Numerical Operations, additional to
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the variance accounted for by age. In both cases, the majority of variance accounted
for was shared.
EF and Social Competence
Table 18 provides descriptive statistics and a correlation matrix for hot and cool
EF composite scores, parent-reported SDQ scores, and parent reported BIS and BAS
scores. Descriptive statistics and a complete correlation matrix for all five SDQ
subscales and the Total Problems score is included in Appendix F; means and standard
deviations for all scales were consistent with previously published norms (Mellor,
2005; Meltzer et al., 2000). The SDQ Prosocial Behaviour scale was significantly
associated with gender. Parents reported lower levels of prosocial behaviour for boys
than for girls. The SDQ Peer Problems scale showed a significant negative correlation
with age, reflecting the higher level of peer problems amongst younger children.
Inspection of the correlation matrix revealed that neither hot nor cool EF were
significantly associated with either measure of social competence (parent-reported
Prosocial Behaviour, or parent-reported Peer Problems). They were therefore not
further analysed. When the individual tasks were examined, only one hot EF task,
theory of mind, significantly predicted parent-reported Prosocial Behaviour after
controlling for gender, sr = .22, p < .05. No individual tasks were significantly
correlated with parent-reported Peer Problems after controlling for age.
Temperament, EF and Psychological Difficulties
Inspection of Table 18 suggests that neither age nor gender was significantly
correlated with BIS, BAS or parent-reported conduct and emotional problems. As
shown, all BAS scales were correlated with each other, but only BAS Drive was
significantly and positively associated with conduct problems. BIS sensitivity was
significantly and positively associated with emotional problems, and unrelated to
conduct problems. Consistent with the theoretical independence of the constructs, BIS
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Table 18
Summary of Correlations, Means and Standard Deviations for Age, Gender, EF, Temperament and Measures of Psychological Functioning
Variable

Mean

SD

1. Gender
2. Age

8.41

2.12

3. Hot EF Composite

.01

.68

4. Cool EF Composite

.00

.77

5. BAS Drivea

5.07

3.13

6. BAS Reward Resp.a

12.05

2.27

7. BAS Fun Seekinga

6.51

2.79

8. BISa

11.77

4.37

9. Conduct Problemsa

1.35

1.49

10. Emotional Problemsa

2.00

2.04

11. Peer Problemsa

1.27

1.52

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

-

-.07

.04

-.09

-.16

-.15

-.05

-.13

.07

-.17

.11

-.27**

-

.76**

.69**

.12

-.04

-.03

-.03

-.09

-.14

-.20*

.19

-

.68**

.16

-.01

.02

-.13

-.09

-.18

-.16

.12

-

.12

-.06

-.03

-.14

-.14

-.13

-.19

.06

-

.43**

.38**

.08

.32**

-.05

-.13

-.17

-

.48**

.25*

.06

.08

-.16

.00

-

-.09

.16

-.06

-.14

.11

-

.08

.61**

.12

.00

-

.27**

.17

-.34**

-

.29**

-.04

-

-.23*

12. Prosocial Behavioura
8.40
1.64
Note. * p < .05, ** p < .01; BAS Reward Resp. = BAS Reward Responsiveness.
a

parent reported data, N = 105

-
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was unrelated to BAS Fun Seeking or Drive. However BIS was significantly, but
weakly correlated with BAS Reward Responsiveness.
BAS and Externalising Problems. To assess whether the relationship between
BAS and externalizing problems was moderated by hot and cool EF, a hierarchical
regression analysis was performed using parent-reported conduct problems as the
criterion, and parent-reported BAS drive scores (as standardised scores), and hot and
cool EF composite scores as the predictors in model 1 (these composite scores were
already centred around a mean of zero). In model 2, product terms between
standardised BAS drive scores and hot EF, and standardised BAS drive scores and cool
EF were entered. For the sake of completeness, the full statistical model including
product terms for hot and cool EF, and for the three-way interaction was also tested.
These additional interaction terms were not statistically significant, and were not of
theoretical interest. They were therefore excluded from the model.
Model 1 was significant, F (3, 100) = 4.63, p < .01, accounting for 12.2% of
variance in parent-reported conduct problems. Model 2 was also significant, F (5, 98)
= 5.26, p < .01, accounting for 21.2% of variance in parent-reported conduct problems.
The additional 9% of variance accounted for by the interactions between BAS drive
and hot EF, and BAS Drive and cool EF was also significant, F (2, 98) = 5.58, p <
.01. Table 19 shows the individual associations of each predictor within both models,
and shows that the interaction between BAS Drive and Hot EF explains a significant
amount of unique variance.
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Table 19
Hierarchical Regression of Parent-Reported Conduct Problems on BAS Drive, Hot and
Cool EF, and their Interactions
Parent-reported conduct problems
Model 2
sr2
(unique)

Variable

Model 1 B

B

95% CI

Constant

1.36**

1.32**

[1.05, 1.58]

BAS Drive

.50**

.47**

[.20, .75]

.095

Cool EF

-.27

-.33

[-.83, .16]

.014

Hot EF

-.11

.06

[-.50, .61]

.000

BAS Drive X Cool EF

-.44

[-.98, .11]

.021

BAS Drive X Hot EF

.88**

[.35, 1.42]

.086

R2

.12

R2
Note. ** p < .01

.21
.09

To investigate the nature of the significant interaction between BAS Drive and
hot EF further, simple slopes were plotted representing regression of BAS Drive on
Conduct Problems, at hot EF values corresponding to the mean, and one standard
deviation above and below the mean (with cool EF held constant), as per the procedure
outlined by Aiken, West, and Reno (1991). This pattern of results is illustrated in
Figure 11 and, contrary to expectations, it was found that the relationship between BAS
Drive and conduct problems is strongest when performance on hot EF tasks is high.
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3

Predicted SDQ Conduct Problems

High Hot EF
2.5

Medium Hot EF
Low Hot EF

2

1.5

1

0.5

0
Low BAS Drive

Medium BAS Drive

High BAS Drive

Figure 11. Predicted Conduct Problems at Different Levels of BAS Drive and Hot EF
Functioning.

Post hoc analysis indicated that when hot EF was at the mean, the regression
slope of Conduct Problems on BAS Drive was positive and significantly different from
zero, t (100) = 3.43, p < .01. When hot EF was one standard deviation above the mean,
the slope was also positive and significantly different from zero, t (100) = 4.76, p < .01.
However when hot EF was one standard deviation below the mean, the slope was not
significantly different from zero, t (100) = -0.55, p = ns. Therefore, the positive
relationship between BAS Drive and predicted conduct problems was only observed
when hot EF was average or above average.
BIS and internalising problems. To assess whether the relationship between
behavioural inhibition sensitivity and internalising problems was moderated by hot and
cool EF, a hierarchical regression analysis was performed using parent-reported
emotional problems as the criterion, and parent-reported BIS scores, and hot and cool
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EF composite scores as the predictors in model 1. In model 2, product terms between
BIS scores and hot EF, and BIS scores and cool EF were entered as predictors. For the
sake of completeness, the full statistical model including product terms for Hot and
Cool EF, and for the three-way interaction was also tested. These additional interaction
terms were not statistically significant, and were not of theoretical interest. They were
therefore excluded from the model.
Model 1 was significant, F (3, 100) = 20.16, p < .001, accounting for 37.7% of
variance in parent-reported emotional problems. Model 2 was also significant, F (5,
98) = 13.72, p < .001, accounting for 41.2% of variance in parent-reported conduct
problems. The additional 3.5% of variance accounted for by the interactions between
BIS and hot EF, and BIS and cool EF was at trend level, F (2, 98) = 2.91, p = .059.
Table 20 shows the individual associations of each predictor within both models.
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Table 20
Hierarchical Regression of Parent-Reported Emotional Problems on BIS, Hot and
Cool EF, and their Interactions
Parent-reported conduct problems
Model 2
sr2
(unique)

Variable

Model 1 B

B

95% CI

Constant

1.98**

1.96**

[1.65, 2.28]

BIS

-1.19**

-1.21**

[-1.53, -.90]

.346

Cool EF

.27

.28

[-.30, .86]

.006

Hot EF

-.53

-.49

[-1.13, .15]

.014

BIS X Cool EF

-.71*

[-1.36, -.06]

.028

BIS X Hot EF

.86*

[.10, 1.62]

.031

R2

.38

R2
Note. * p < .05; ** p < .01

.41
.03

Because both product terms were significant in Model 2, the nature of these
interactions was explored further. However these results should be interpreted with
caution given that the additional variance explained by the interaction effect was at
trend level only (p = .059) and did not meet the criteria for statistical significance. To
investigate the nature of the interaction between BIS and Hot EF further, simple slopes
were plotted representing regression of BIS on Emotional Problems, at Hot EF values
corresponding to the mean, and one standard deviation above and below the mean (with
Cool EF held constant). This pattern of results is illustrated in Figure 12 and shows
that, as expected, the relationship between BIS sensitivity and emotional problems is
strongest when performance on hot EF tasks is poor. Post hoc analysis of these simple
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slopes indicated that slopes at all levels of hot EF were positive and significantly
different from zero; at one standard deviation above the mean, t (100) = 2.15, p < .05,
at the mean, t (100) = 7.58, p < .01, and at one standard deviation below the mean, t
(100) = 5.67, p < .01.

4.5

Predicted SDQ Emotional Problems

4

High Hot EF

3.5

Medium Hot
EF

3
2.5
2
1.5
1
0.5
0
Low BIS

Medium BIS

High BIS

Figure 12. Predicted Emotional Problems at Different Levels of BIS and Hot EF
Functioning.

To investigate the nature of the interaction between BIS and cool EF further,
simple slopes were plotted representing regression of BIS on Emotional Problems, at
cool EF values corresponding to the mean, and one standard deviation above and below
the mean (with hot EF held constant). This pattern of results is illustrated in Figure 13
and shows that the relationship between BIS and emotional problems is strongest at
high levels of performance on cool EF tasks. This is opposite to the pattern of results
for hot EF reported above. Post hoc analysis of these simple slopes indicated that
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slopes at all levels of cool EF were positive and significantly different from zero; at one
standard deviation above the mean, t (100) = 5.93, p < .01, at the mean, t (100) = 7.58,
p < .01, and at one standard deviation below the mean, t (100) = 2.24, p < .05.
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Predicted SDQ Emotional Problems

4

High Cool EF
Medium Cool EF

3.5

Low Cool EF

3
2.5
2
1.5
1
0.5
0
Low BIS

Medium BIS

High BIS

Figure 13. Predicted Emotional Problems at Different Levels of BIS and Cool EF
Functioning.

To summarise the results regarding the moderating effect of EF on the
relationship between BAS and externalising problems, hot EF moderated the
relationship between BAS and parent-reported conduct problems. Higher hot EF
exacerbated the relationship between BAS and conduct problems such that the highest
level of conduct problems occurred with high BAS and high hot EF performance.
Regarding the relationship between BIS and internalising problems, the moderating
influence of both hot and cool EF was at trend level. A significant relationship
between BIS and internalising problems was observed regardless of EF performance.
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Whereas higher hot EF appeared to buffer the relationship between BIS and
internalising problems, higher cool EF appeared to exacerbate this relationship.

Discussion
This study aimed to assess whether hot and cool EF differently predicted
functional outcomes of intelligence, academic achievement, and social competence.
Such evidence would support a hot-cool EF distinction during middle childhood. A
second aim of the study was to examine whether EF moderated the relationship
between temperament and psychological difficulties (internalising and externalising
problems). As anticipated, the overall finding was that significant differences were
observed between hot and cool EF in their relationship with a variety of outcome
measures. Also as anticipated, EF was found to moderate the relationship between
temperament and psychological difficulties. These findings are discussed in detail
below.

EF and Intelligence
Regarding the relationship between hot and cool EF and intelligence, it was
anticipated that cool EF would be a stronger predictor of intelligence than hot EF.
When age-adjusted full scale IQ scores were analysed, results supported this
hypothesis. When considered jointly, Cool EF, but not hot EF was a significant unique
predictor of full scale IQ. When individual tasks were analysed, cool EF components
of inhibition and shifting explained significant unique variance. This is consistent with
the general body of research showing a relationship between cool EF and intelligence
(Ackerman et al., 2005; Blair, 2006; Colom et al., 2008; Dempster, 1991; Michel &
Anderson, 2009), and the absence of such relationship between hot EF and intelligence
(Bar-on et al., 2003; Hongwanishkul et al., 2005). That working memory did not
emerge as a significant predictor of full scale IQ when considered jointly with other EF
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measures is interesting, and inconsistent with prior research. Generally, working
memory and intelligence are regarded as highly related constructs (Ackerman et al.,
2005; Colom et al., 2008). Indeed, when Friedman et al. (2006) examined the
relationship between intelligence and EF measures of inhibition, working memory and
shifting, only working memory was found to be significantly related to intelligence.
Although Friedman et al.’s study was conducted with an adult sample, these findings
have also been replicated by Duan et al. (2010) in children aged 11 to 12 years. One
possible explanation is the use of a spatial working memory task in the current study, as
opposed to more traditional measures such as backward digit span. Additionally, the
brief measure of intelligence used (the WASI) did not include subtests such as Digit
Span, Letter-Number Sequencing or Arithmetic that form the Working Memory Index
on more comprehensive tests of intelligence such as the WISC or WAIS.
A different pattern of results emerged when Vocabulary and Matrix Reasoning
scores were considered separately as measures of Gc and Gf respectively. For Gc,
when considered together with age, it was hot EF, and not cool EF, that emerged as a
stronger predictor, contributing unique variance above that accounted for by agerelated improvements. When individual tasks were analysed, one cool EF component
(inhibition) and one hot EF component (theory of mind) emerged as significant
predictors. There was no significant difference between the strength of each of these
predictors. The majority of variance accounted for was shared. Best et al. (2009)
suggest that, for children, inhibition might be an essential building block for later
development of more complex reasoning and problem solving, providing them with the
ability to stop and think. This capacity to pause and reflect might also support children
as they learn verbal labels for the concepts, objects and entities that they encounter.
Although the finding that hot EF was a significant predictor of Gc was
inconsistent with the general hypothesis that cool EF would have a stronger
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relationship with intelligence than hot EF, the observed relationship can perhaps be
understood by considering whether the hot EF component of theory of mind and verbal
knowledge (Vocabulary being a verbal measure of Gc) might share some common
underlying processes. One way to perform well on the Vocabulary test is to provide a
correct synonym for the test word. Perner, Stummer, Sprung, and Doherty (2002)
demonstrated a robust association between theory of mind performance and ability to
generate synonyms amongst a sample of 3 to 5-year-olds. They argued that
understanding others’ mental states and generating alternative names for objects are
both problems requiring the simultaneous representation of different perspectives. For
example, they proposed that the ability needed to understand that an object is both in
location 1, and believed to be in location 2 (as for a standard false belief task), is the
same ability needed to represent a “rabbit” as both rabbit and bunny. Thus, a common
underlying process explaining the relationship between Vocabulary and theory of mind
might be the capacity to simultaneously represent multiple perspectives (either of
others mental states, or of object labels or descriptions).
A second possible common underlying mechanism explaining the relationship
between theory of mind and Gc (as measured by Vocabulary) is that of social
interaction. It is through social interaction that children discover that others’ have a
different view of the world from their own and thereby begin to develop an
understanding of others’ mental states as separate from their own (Carpendale &
Lewis, 2004). Children’s social interactions also influence their acquisition of
vocabulary. For example, Hoff (2003) found that the relationship between
socioeconomic status and children’s vocabulary was fully mediated by differences in
mother’s speech interactions with their children; mothers of higher socioeconomic
status tended to say more, and use longer and more complex sentences in their
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interactions with their children. Thus, social interaction might underlie the
development of both theory of mind and Gc (as measured by Vocabulary).
The relationship between hot and cool EF and Gf (as measured by Matrix
Reasoning) was also different from what was expected. Both hot and cool EF
explained significant unique variance in Matrix Reasoning scores, over and above that
accounted for by age. Furthermore, hot and cool EF did not differ from each other in
terms of their strength as predictors. The majority of variance explained was shared.
When the individual tasks were examined, two cool EF components (inhibition and
shifting) and one hot EF component (gambling decision quality) emerged as significant
predictors. Inhibition is thought to support fluid reasoning and problem solving by
suppressing irrelevant thought content or process, and thereby creating a mental
workspace for the focus of attention (Dempster, 1991). Shifting is likely important for
organising and carrying out sequential problem solving steps (Blair, 2006), and
avoiding becoming stuck on ineffective strategies (Lohman, 2000). It also seems
possible that the decision quality aspect of the Cambridge Gambling Task (a measure
of the proportion of times the individual chooses the more likely option) reflects a
cooler function than the delay aversion or risk adjustment indices on this task (which
perhaps reflect hotter aspects of the task). Hongwanishkul et al. (2005) found a
positive association between gambling performance and a cool EF task requiring
flexible rule use (the Dimensional Change Card Sort task). They also raised the
possibility that successful performance on the Children’s Gambling Task might require
cool EF resources such as working memory to keep track of gains and losses over time.
Again, it is interesting that working memory did not emerge as a significant
predictor of Gf or full scale IQ when considered jointly with other measures of EF.
This is inconsistent with Friedman et al.’s (2006) results in adults, and Duan et al.’s
(2010) results in older children, both of whom found that working memory was the
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only significant predictor of intelligence when considered jointly with measures of
inhibition and shifting. This is also inconsistent with the argument by some that
working memory and Gf are the same construct (Engle, 2002; Kyllonen, 2002). One
possibility, also previously alluded to by Best et al. (2009), is that younger children rely
on different processes to solve complex problems than do older children and adults.
That is, inhibition and shifting might be more important predictors of Gf for younger
children, with the relative importance of working memory increasing with age.
A final important finding of the current study with respect to intelligence
concerns the relative contributions of hot and cool EF to Gc and Gf. It was anticipated
that the relationship between EF and Gf would be stronger than the relationship
between EF and Gc. This was indeed the case for cool EF, but not for hot EF, which
showed no difference in variance explained between Gc and Gf. Cool EF showed a
much stronger relationship with Gf than Gc. This highlights the importance of cool EF
in supporting higher-level reasoning and problem solving in novel situations. In
contrast, the contribution of age was much stronger for Gc, consistent with a pattern of
increasing knowledge with age, apparently independent of EF and more likely to reflect
the effects of acculturation and exposure to a uniform system of formal education. This
pattern of results is therefore consistent with the CHC theory (Carroll, 1993; Horn &
Cattell, 1978). Friedman et al. (2006) did not find a difference in the relationship of EF
with g, Gf and Gc amongst their adult sample. The current study provides some
preliminary evidence that the relationship between EF and intelligence might change
across development.
EF and Academic Achievement
Regarding the relationship between hot and cool EF and academic achievement,
it was anticipated that cool EF would be a stronger predictor for both word reading and
mathematics than hot EF. For word reading, this hypothesis was not supported. Both
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hot and cool EF explained significant unique variance in word reading scores.
Furthermore, hot and cool EF did not differ in terms of their strength as predictors.
When the individual tasks were examined, two hot EF components (theory of mind and
delay of gratification) and one cool EF component (inhibition) emerged as significant
unique predictors of word reading ability. This result provides further support for the
relationship between language, inhibition and theory of mind (Astington & Jenkins,
1999; Carlson & Moses, 2001; Carlson et al., 2002; Hughes, 1998). The results of the
current study are consistent with the work of Blair and Razza (2007) amongst younger
children. They found that theory of mind and inhibition were both significantly
associated with emerging literacy skills in kindergarten and preschool. The current
study suggests that this association continues throughout middle childhood.
That cool EF measures of working memory and shifting did not predict word
reading ability when considered jointly with other EF measures is inconsistent with the
growing body of work supporting such associations (Cartwright, 2012; Gathercole &
Pickering, 2000b; Latzman et al., 2010; St Clair-Thompson & Gathercole, 2006; van
der Sluis et al., 2007). These studies have generally not considered hot EF measures
such as delay of gratification and theory of mind, which were both significant
predictors in the current study. This highlights the importance of considering hot and
cool EF together.
Regarding mathematics, the results were as predicted. When considered jointly,
cool EF, and not hot EF, was a significant predictor of mathematics scores along with
age. However the amount of unique variance accounted for by cool EF in predicting
mathematics scores was modest. The significant relationship between cool EF and
mathematics performance is consistent with previous research (Bull et al., 2008; Bull &
Scerif, 2001; Gathercole, Pickering, Knight, et al., 2004; Latzman et al., 2010; St ClairThompson & Gathercole, 2006; Toll et al., 2011; van der Sluis et al., 2007). When the
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individual tasks were considered together, the only cool EF task to emerge as a
significant unique predictor was working memory. This is consistent with van der
Sluis et al. (2007) and Toll et al. (2011). Both of these studies included measures of
other cool EF components, but found that only working memory was related to
arithmetic performance. Working memory is likely important for mathematical
problem solving because facts and strategies stored in long-term memory must be
manipulated, placing a heavy demand on information processing and storage
(Gathercole, Pickering, Knight, et al., 2004; Toll et al., 2011). For example, multi-step
problems such as serial addition require information to be updated in working memory
until the final solution is reached.
EF and Social Competence
Regarding the relationship between hot and cool EF and social competence, it
was anticipated that hot EF would be a stronger predictor of both prosocial behaviour
and peer problems. These hypotheses were not supported. Neither hot nor cool EF
explained significant variance in either outcome measure. Previous research has
generally found robust associations between EF and measures of social competence
(including teacher ratings, peer ratings, and observational measures of cooperative
problem solving; Bosacki & Astington, 1999; Ciairano et al., 2007; McClelland et al.,
2007; Nigg et al., 1999; Olson, 1989; Razza & Blair, 2009; A. C. Watson et al., 1999).
It is possible that the use of a parent-report measure in the current study might explain
the lack of significant findings. Parents of school-aged children likely have less
opportunity to observe children in social situations with their peers than do teachers, or
peers themselves. Alternative measures of social competence such as teacher reports or
measures of sociometric status were not included in the current study for practical
reasons (to minimise the impact on the participating school). Thus, no clear
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conclusions can be drawn from this study regarding the relationship between EF and
social competence.
Temperament, EF and Psychological Difficulties
The final aim of this study was to explore the relationship between
temperament, EF and psychological difficulties. It was hypothesised that EF would
exert a moderating effect on the relationship between BIS and BAS sensitivity and
measures of internalising and externalising problems. Of the three BAS subscales, only
BAS Drive scores were significantly associated with parent-reported conduct problems.
Hot EF (but not cool EF) significantly moderated this relationship such that the
relationship between BAS Drive and conduct problems was only observed when hot EF
performance was at average or above average levels. This result is surprising, since it
was anticipated that poorer executive control over reactive temperament would lead to
greater expression of psychopathological symptoms. Instead, the reverse relationship
was observed. To our knowledge, this study is the first to examine the moderating role
of EF in the relationship between BAS and externalising problems.
It is important to note that, overall, the level of conduct problems in the current
sample was generally low and consistent with the levels found in a normal Australian
community sample (Mellor, 2005). However, the levels of predicted conduct problems
for the subset of children with high BAS Drive and high hot EF performance
approached levels that (if accompanied by parent reports of significant impact) would
be of clinical significance. To explain this finding, it might be useful to consider
additional literature regarding childhood psychopathy. O'Brien and Frick (1996)
examined reward dominance and psychopathology amongst a sample of 132 children
aged 6 to 13 years. Reward dominance in this study was assessed using a computer
task where children were asked to play a simple game where they could win or lose a
point (from their initial stake of points) on each trial for a successful versus
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unsuccessful outcome. These points could be exchanged at any stage in the game for
prizes, with the prizes increasing in value with a higher points total. The probability of
a successful outcome on each trial decreased over the course of the game from 90% to
0%. A higher number of trials played indicated a higher level of reward dominance.
This persistent pursuit of rewards in consistent with high BAS Drive (Carver & White,
1994). O'Brien and Frick (1996) found that reward dominant response styles
(reflecting high BAS) and conduct disorder were associated only for children without a
comorbid anxiety disorder. They argued that this subgroup of children fits with the
construct of psychopathy (Frick, O'Brien, Wooton, & McBurnett, 1994). That the
relationship between reward dominance and conduct disorders was only observed for
the subset of children without anxiety disorders suggests a possible moderating role for
emotion regulation. It is possible that the ability to effectively manage anxiety during
goal pursuit or risky decision making (as would be expected with high performance on
hot EF tasks) allows a person to perform well in situations of risk or motivational
significance. Such a child might be motivated to pursue goals of personal significance,
even when these goals run contrary to parental and societal expectations. This might
account for the observation that high levels of conduct problems were most likely
amongst a subgroup of children with high BAS Drive and high hot EF.
Additionally, with regard to theory of mind (one of the components of hot EF),
Sutton, Smith, and Swettenham (1999) found that children who bully others scored
higher on a measure of social cognition (including theory of mind and emotion
understanding) than children who are bullied, or those who assist or reinforce children
who bully. They concluded that children who bully might use their superior knowledge
of others mental states in order to manipulate others and maintain power. The
interactive effects of reward drive and hot EF skills such as theory of mind might
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therefore be a promising avenue of future research in understanding the psychology of
bullying and of conduct problems more generally.
With regard to the relationship between BIS sensitivity and internalising
problems, a small amount of additional variance in parent-reported emotional problems
was accounted for by the interaction between BIS and hot EF, and between BIS and
cool EF. Although this additional variance was at trend level only, both interaction
terms were significant in the final model. It was noted in the introduction to this
chapter that whereas theory might predict that poorer executive control over
temperament would result in greater expression of psychological difficulties (Carver,
2008; Carver et al., 2008), the reverse effect was found by Thorell et al. (2004), who
found that high levels of both BIS and the cool EF component of inhibition predicted
the highest level of social anxiety. In the current study, the observation that hot and
cool EF exhibited different moderating effects might explain this inconsistency. For
hot EF, the results were consistent with theory-based predictions; better hot EF
appeared to buffer the relationship between BIS and internalising problems. However
for cool EF, the opposite pattern emerged; better cool EF appeared to exacerbate the
relationship between BIS and internalising problems.
Again, it is important to note that the overall level of emotional problems in the
current sample was generally low and consistent with the levels found in a normal
Australian community sample (Mellor, 2005). However, the levels of predicted
emotional problems for the subsets of children with high BIS and low hot EF
performance, and those with high BIS and high cool EF performance, approached
levels that (if accompanied by parent reports of significant impact) would be of clinical
significance. This pattern of results is suggestive of equifinality - that there might be
more than one pathway to emotional problems (Cicchetti & Rogosch, 1996).
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Conceptually, these results might be consistent with the psychoanalytic
personality dimension of ego control (Block, 2002; Block & Block, 1980). This theory
proposes that the construct of ego control exists on a continuum from extreme overcontrol to extreme under-control (Derryberry & Rothbart, 1997). The excessively
over-controlled individual is likely to inflexibly control the expression of affect, and to
delay gratification, even in situations where it is unnecessary. In contrast, the
excessively under-controlled individual is likely to be impulsive and to express affect
immediately, even in situations where it is socially inappropriate or might negatively
impact on them. An individual with strong BIS sensitivity and superior cool EF might
seek to use their cool EF to control their strong anxiety response in situations of
conflict. If applied excessively and inflexibly, this restriction of appropriate affect
might provide one pathway to internalising problems. The result would be consistent
with the over-controlled personality described by Block and Block (1980). In contrast,
an individual with strong BIS sensitivity and poor hot EF is likely to find it difficult to
regulate affect in situations of conflict or strong motivational significance. They might
be likely to respond to these situations impulsively and with a high level of expressed
emotion. If applied excessively and inflexibly, this lack of emotional control might
provide a second pathway to internalising problems. The result would be consistent
with Block and Block’s description of the under-controlled personality. It might be
useful to investigate the interactive effects of BIS and hot and cool EF amongst a
clinical sample, to determine whether difference subtypes of internalising problems can
be differentiated according to individual EF profiles.

Summary
Taken together, the results of this study suggest that there are differences in the
relationships of hot and cool EF with the functional outcomes investigated. As
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expected, cool EF was associated with intelligence and academic achievement.
Nevertheless, hot EF also emerged as a significant predictor of Gc, and of word reading
performance. Hot and cool EF were not associated with parent-reported measures of
social competence (peer problems or prosocial behaviour). However the relationship
between temperament (BIS/BAS) and psychological difficulties (internalising and
externalising problems) was moderated by EF. Different associations between hot and
cool EF with these important outcome variables provide evidence of a hot-cool
distinction in middle childhood and corroborate the importance of these constructs.
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CHAPTER 7.
General Discussion
EF follows a protracted course of development throughout childhood,
adolescence and early adulthood (P. Anderson, 2002; V. Anderson, Northam, et al.,
2001). These developmental improvements in EF coincide with the similarly
protracted development and maturation of prefrontal brain regions (Diamond, 2002,
2006). Relative to the critical developmental periods of early childhood and
adolescence, the intervening period of middle childhood (from 5 years to the onset of
adolescence) has received less attention from researchers (Best et al., 2009). This
thesis therefore aimed to provide a comprehensive characterisation of the development
of EF components during middle childhood. More recently, interest has grown in
distinguishing hot from cool EF as a means to better understand the complex
interaction of cognition and emotion. To this end, three hot and three cool EF tasks
were included. These tasks were administered to an Australian sample of 126 children
between 5 to 12 years of age. The developmental perspective applied in the current
study contributes to the ongoing debate regarding the unity or diversity of EF (Gilbert
& Burgess, 2008; Miyake et al., 2000) by examining the developmental trajectories of
theoretically separable EF components. Additionally, this study explored the
relationship of hot and cool EF with measures of the functional outcomes of
intelligence, academic achievement, social competence and psychological difficulties.
Age-related Development of Hot and Cool EF
The first study assessed age-related changes in hot and cool EF during middle
childhood. The general finding, consistent with expectations, was that performance on
all EF tasks improved significantly across the age-range studied. Additionally, all EF
tasks, hot and cool, showed a linear relationship with age, suggesting that performance
on all tasks continued to develop across the entire age range. Only delay of

Hot and Cool EF Development 150

gratification and theory of mind showed significant deviations from linearity in
addition to their strong linear trends. This runs contrary to a review by Best et al.
(2009), who suggested that, during middle childhood, the cool EF component of
inhibition might mature most rapidly between 5 to 8 years of age, after which the rate
of development is modest. Best el al. did note however, that computerised inhibition
tasks are likely useful for examining the continued refinement of inhibition during late
childhood and adolescence due to precise measurement of behaviour such as reaction
time, and the presentation of numerous trials. The use of a computerised inhibition task
in the current study appears to have been effective in measuring this continued
development amongst the older children in the sample. The developmental
improvement in inhibition observed in the current study is consistent with that of other
studies using stop-signal tasks to measure inhibition (Bedard et al., 2002; Huizinga et
al., 2006). Amongst the cool EF tasks, no interactions were observed between age and
task, supporting the view that inhibition, working memory and shifting develop at
similar rates across middle childhood.
Amongst the hot EF tasks, linear age-related improvements were also observed.
Although an interaction between age and type of hot EF tasks was observed, we are
confident that this was due to a ceiling effect for the Gift Delay task among children
aged 7 and older, rather than reflecting a genuine difference in developmental
trajectory amongst different hot EF components. This was reflected in the lack of agegroup differences between ages 7 to 12 years, a smaller overall age effect, and a lack of
significant interaction between hot EF tasks and age once the Gift Delay task was
removed. Despite this restriction of range, the Gift Delay task was significantly
correlated with other EF tasks and also with some important outcome measures; full
scale IQ, Gf and word reading. Although we succeeded in extending the utility of the
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gift delay paradigm to children up to 7 years of age, this task might be further improved
by extending the delay interval to a more developmentally appropriate length.
Another key finding of this study was that hot and cool EF developed at similar
rates across middle childhood, reflected in a lack of interaction between age and EF
(hot versus cool). EF tasks were moderately correlated with each other, and hot and
cool EF could not be distinguished from each other in terms of factor structure. These
results are consistent with studies that have also found no evidence of separate hot and
cool factors in preschool children (Allan & Lonigan, 2011; Bunch & Andrews, 2012)
or amongst older children aged 8 to 15 years (Prencipe et al., 2011). However other
research has found evidence of separate factors in preschool children (Brock et al.,
2009; Kim et al., 2013). Amongst their sample of 3 to 6-year-old children, Bunch and
Andrews found that 4-year-olds performed better on hot tasks than cool tasks, whereas
6-year-olds performed better on cool tasks than hot tasks. This suggests earlier mastery
of hot tasks over cool tasks. In contrast, Prencipe et al. found the opposite pattern
amongst their sample of 8 to 15-year olds; improvements on cool EF tasks occurred
earlier than for hot EF tasks. In terms of physical maturation of the brain, Gogtay et al.
(2004) note that cortical development appears to follow an evolutionary sequence, with
phylogenetically older regions maturing earlier than higher-order association areas such
as the PFC which is a more recent evolutionary development. Within the PFC, the DLPFC is the last region to fully mature (Gogtay et al., 2004). The DL-PFC is more
strongly associated with cool EF (Funahashi, 2001, 2004; Konishi et al., 2003; Tanji &
Hoshi, 2008), whereas hot EF is associated with the VM-PFC (Bechara, 2004; Bechara
et al., 1994; Bechara et al., 2000; Damasio, 1995; Manes et al., 2002) and has stronger
connections with phylogenetically older limbic structures including the amygdala
(Bachevalier & Meunier, 2005). In this respect, the results of Bunch and Andrews
study (showing earlier mastery of hot EF tasks) are more consistent with what is known
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about brain development and maturation during childhood and adolescence. Although
the current study did not find different rates of hot and cool EF development rates in
middle childhood, this does not necessary mean they don’t have different neural bases.
For example, it could be that during middle childhood the rate of neural development
underlying the different areas of the brain responsible for hot and cool EFs are
maturing at a similar rate.
One issue that might contribute to these different findings is the difficulty of the
tasks used to measure the different EF components. Apparent differences in the rate of
development of distinct EF components might represent genuine and theoretically
meaningful differences in the development of EF, or they might simply reflect
differences in the difficulty level of the tasks used to measure each EF component. For
example, Prencipe et al.’s (2011) finding that the oldest children in their study, aged 14
to 15 years, were the only group to show an increase in advantageous decisions on the
Iowa Gambling Task was used to support their suggestion that hot EF might develop
later than cool EF. In contrast, the CANTAB Cambridge Gambling Task used in the
current study displays all the information necessary to make a decision on the screen,
thus minimising the working memory and learning requirements of the task (Manes et
al., 2002), and possibly making the task easier and more suitable for assessing
developmental changes in risky decision making during middle childhood. One
approach that might resolve this inconsistency is the relational complexity approach
used by Bunch and Andrews (2012). In their study, hot and cool tasks were matched in
terms of complexity (an approach not generally taken by other EF researchers or in this
study). Bunch and Andrews’ study was conducted amongst a sample of young children
(3 to 6-year-olds). Zelazo and Mueller (2011) suggest that EF components become
more differentiated with age. Careful matching of different EF tasks in terms of their
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complexity might reveal differences amongst older children that were not observed in
the current study.
The goal of the first study of this thesis was to document the substantial
developmental changes that occur in EF during middle childhood, focusing on the
distinction between hot and cool EF. Much of the current knowledge about the
development of EF during middle childhood comes from piecing together the results of
disparate studies that have focused on specific individual components of EF – studies
that vary in numerous ways (Best et al., 2009). The current study makes an important
contribution by including a broad set of hot and cool EF tasks within a single sample,
and across a wide age-range within middle childhood. Based on a search of published
literature, this study is also the first to use the CANTAB Cambridge Gambling Task to
assess age-related development of hot EF amongst typically developing children. The
results of the present thesis indicate that this task is highly suitable for administering to
children aged 5 to 12 years, and appears to be sensitive to changes in risky decision
making during this age-range that do not appear to be captured by more complex
measures such as the Iowa Gambling Task.
Relationships of EF with Functional Outcomes
The second study of this thesis aimed to explore the relationship between hot
and cool EF and the functional outcomes of intelligence, academic achievement and
social competence. Additionally, interactions between temperament and hot and cool
EF in predicting psychological difficulties (internalising and externalising problems)
were explored.
The general finding was that, as expected, hot and cool EF had different
relationships with measures of intelligence and academic achievement. Interestingly,
hot EF was significantly associated with measures of verbal intelligence and academic
achievement, namely Vocabulary and word reading, whereas cool EF was more
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strongly related to abstract reasoning tasks such as Matrix Reasoning and mathematics.
That hot EF was associated with verbal outcome measures was primarily due to the
strong relationship between theory of mind and these measures. It seems likely the
acquisition and development of a theory of mind and of verbal knowledge (measured
here as Vocabulary and word reading) are both influenced by common underlying
processes such as social interaction. Carpendale and Lewis (2004) make a convincing
argument for the central role of social interaction in constructing social understanding.
Likewise, the development of verbal knowledge is heavily influenced by an
individual’s social context and social interactions.
Consistent with theoretical predictions (Blair, 2006; Carroll, 1993; Horn &
Cattell, 1978), it was found that cool EF had a stronger relationship with Gf than Gc,
the latter being more strongly associated with age. This is interesting in light of an
adult study showing no difference in the relationship between EF and g, Gf and GC
(Friedman et al., 2006). Amongst children, cool EF appears to be important for solving
novel problems that require identification of relationships and formation of higherorder concepts (Gf). In contrast, knowledge (Gc) appears to develop with age, more
likely to be influenced by non-cognitive factors such as exposure to formal education
and the social and cultural environment.
The differences observed between hot and cool EF in predicting reading and
mathematics corroborate the importance of conducting a comprehensive assessment of
EF skills that incorporate both hot and cool tasks. Alongside theory of mind, inhibition
and delay of gratification were both significant predictors of word reading ability.
Theory of mind has been found to be associated with emerging literacy skills amongst
preschoolers (Blair & Razza, 2007). The results of the current study demonstrate that,
amongst older children, advanced theory of mind understanding, as measured by the
Strange Stories Test (Happe, 1994), continues to be associated with reading
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proficiency. Reynolds and Schiffbauer (2005) note that delaying gratification likely
involves two separate processes of inhibiting the initial impulse, and then sustaining the
decision to delay. It is therefore interesting that both inhibition and delay of
gratification were uniquely related to word reading. Reading is a complex skill that
likely requires persistence and sustained practice to develop (Cartwright, 2012). It is
not surprising that such a complex skill might draw on both cool EF skills (needed to
inhibit task-irrelevant information) and hot EF skills (needed to delay gratification in
order to obtain a longer term goal of reading proficiency).
Predictably, cool EF (especially working memory) was significantly related to
mathematics. However the unique variance accounted for by EF measures was small in
comparison to the variance accounted for by age. With increasing age, children are
exposed to more complex mathematical operations within the school curriculum.
Therefore, the strong association with age might be due to formal education of
strategies to solve more complex mathematical operations. Bull and Scerif (2001) note
that well-practised strategies or artithmetic facts that have been over-learned are likely
to rely more on retrieval from long-term memory than EF. However Gathercole,
Pickering, Knight, et al. (2004) found that working memory predicted mathematics
performance at both 7 and 14 years of age, supporting the continued importance of
working memory for mathematics performance beyond that required for basic skill
acquisition. Performing mathematical computations that require strategies such as
carrying numbers across columns or multi-step problems containing more that one type
of operation likely require working memory resources for maintaining and updating
partial solutions until the final solution is reached (Gathercole, Pickering, Knight, et al.,
2004; Toll et al., 2011). More complex items on the WASI Numerical Operations
subtest are administered in paper and pencil format, and the test taker is allowed to use
the space provided for working out a solution to the problem. This could have reduced
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the strength of association with working memory, since partial solutions can be written
down while the computation is being performed. An interesting avenue for further
research might be to examine the role of strategy use (an aspect of EF not formally
examined in the current study) in academic achievement.
The current study adds to the currently small body of research showing that
different EF components predict different areas of academic achievement in middle
childhood (Gathercole, Pickering, Knight, et al., 2004; Latzman et al., 2010; St ClairThompson & Gathercole, 2006; van der Sluis et al., 2007). A better understanding of
the specific cognitive abilities that predict academic success is important for the
development of interventions to assist children who are struggling at school. This is
especially relevant in Australia given the current debate regarding reform of
educational funding and resources that is more closely tied to student needs (Gonski et
al., 2011).
Neither hot nor cool EF were significantly related to measures of social
competence (parent-reported peer problems, and parent-reported prosocial behaviour).
In light of previous research demonstrating a relationship between social competence
and EF (especially inhibition and theory of mind; Bosacki & Astington, 1999; Ciairano
et al., 2007; Olson, 1989; Razza & Blair, 2009), it is surprising that no such
relationship was observed in the current study. Clark et al. (2002) did find an
association between EF and parent-reported social domain scores on the Vinelands
Adaptive Behaviour Scales (VABS; Sparrow, Balla, & Ciechetti, 1984). However the
other studies noted above used different methods of assessment including teacher
reports, peer ratings and researcher-rated behavioural tasks. As noted in the previous
chapter, the use of a brief, parent-report measure of social competence might not be a
sufficiently sensitive measure of social competence, especially for a school-aged
population where a sizeable proportion of children’s social interaction occurs within
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the school setting and is therefore not directly observable by parents. In terms of its
inter-correlations across multiple informants, the Strengths and Difficulties
Questionnaire used here compares favourably with other measures of child
psychopathology (Goodman, 2000). However Achenbach (2006) notes that different
informants can each contribute unique and important information relevant to a person’s
functioning, and suggests that a more accurate measure of psychological functioning
can be obtained by aggregating information from multiple informants. Future studies
might consider using multiple sources of information regarding social competence,
such as teacher reports, behavioural observations or self reports.
Finally, some interesting interactions were observed between measures of BIS
and BAS sensitivity and hot and cool EF in predicting current internalising and
externalising problems amongst the sample. The results of the current research suggest
that examining the interaction between indices of temperament (such as BIS and BAS
sensitivity) and EF might prove useful in predicting broad categories of psychological
problems. The idea that specific EF profiles might discriminate between clinical
populations is not new. For example, Ozonoff and Jensen (1999) found that children
with a diagnosis of autism exhibited deficits in planning and cognitive flexibility, but
no deficits in inhibition (relative to normal control participants and those with ADHD
or Tourette’s Syndrome). In contrast, children with a diagnosis of ADHD exhibited
deficits in inhibition relative to normal control participants.
The current study found some interesting differences between hot and cool EF
in terms of their interaction with BIS and BAS. Hot EF (but not cool EF) exacerbated
the relationship between BAS and conduct problems, such that higher BAS Drive
(reflecting a strong tendency to persistently pursue desired goals), in combination with
higher hot EF (reflecting the ability to perform well in situations of risk or motivational
significance, and a high level of social understanding) predicted the higher levels of
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conduct problems. It is not difficult to imagine that such a child might naturally seek to
use these skills and attributes to satisfy their own goals, even if they conflict with the
expectations or goals of others responsible for their care. This might make it more
difficult to effectively parent these children. In their review of impulsivity and
adolescent substance use, Gullo and Dawe (2008) note that, although a strong reward
drive is often associated with increased risk of negative health behaviours such as
substance use, reward drive (with its association with extraversion and positive affect)
is also a protective factor in terms of later general life adjustment and social support.
They highlight the importance of other social and contextual factors such as peer and
family relationships in shaping good or poor outcomes for young people.
Predictably, a strong relationship was found between BIS sensitivity and
internalising problems in the present sample. The moderating influence of EF in this
relationship was smaller, but suggests that there might be more than one type of EF
profile associated with internalising problems; those associated with emotional undercontrol, and those associated with emotional over-control. Whereas hot EF appeared to
buffer the relationship between BIS and internalising problems, cool EF appeared to
exacerbate this relationship. Including temperament and EF profiles in developing case
formulations and planning treatment might assist in developing focused strategies to
promote greater flexibility in these individuals. A strength of the current study is that
these relationships have been examined in middle childhood, while EF and selfregulation is still developing. It continues to be an important priority for researchers to
identify risk factors for later stable psychological difficulties (Stormont, 2000). Future
research might investigate whether the concurrent relationships observed here are also
evident when children are followed longitudinally.
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Limitations and Future Directions
In seeking to examine EF development across a relatively broad age range,
participant numbers within each age group (viz., 15 to 20) were relatively low. This
might have impacted negatively on the power of the study to detect more subtle age
group differences. It is also important to note that the sample was recruited from
within a single school in an urban location, and from within a predominantly middle
class community. Although this resulted in a data set that was relatively unconfounded
with socio-economic differences, it might also limit external validity. Future studies
might seek to evaluate the generalisability of the present findings to a more diverse
range of socioeconomic groups and residential settings (such as rural communities).
The limitations of the Gift Delay task as a measure of ability to delay to
gratification have been discussed in Chapter 5. Although we succeeded in extending
the utility of the gift delay paradigm to children older than 5 years of age, this task
might be further refined by experimenting with different delay intervals. It might also
be instructive to compare tasks such as this (which involve decisions about real
rewards) with delay discounting tasks involving decisions about hypothetical rewards
amongst a child sample. Possible problems with the use of a parent-report measure of
social competence have been discussed in Chapter 6 (also this chapter). Future studies
of this type should consider including multi-informant measures to obtain a more
accurate measure of functioning that includes perspectives of key people such as
parents, teachers, and the child themselves (Achenbach, 2006).
It is also acknowledged that the analysis of Full-Scale IQ scores, which are
standardised against published age norms, was different from the procedure used for
the individual subtests measuring intelligence (Vocabulary and Matrix Reasoning). In
these analyses, age was controlled for statistically. This raises the possibility that some
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variation in the pattern of results might have been due to differences in the statistical
procedures used.
This research project has contributed to the EF literature by examining six hot
and cool EF tasks within a single sample. However, the range of tasks included (and
the underlying constructs these tasks are designed to assess) is by no means exhaustive.
The study did not include measures of cool EF components such as planning, strategy
generation and complex attention (e.g., divided attention, selective attention; P.
Anderson, 2002). Other potential measures of hot EF include delay discounting tasks
such as that used by Prencipe et al. (2011). Additionally, only one measure of each EF
component was included. Inclusion of multiple measures would allow examination of
the latent variable structure of EF, resulting in purer measures of each component and
the capacity to conduct causal modeling of EF with important functional relationships
(Tabachnick & Fidell, 2007). It remains a priority to comprehensively document the
normal development of EF during middle childhood, especially since many childhood
developmental disorders are characterised and defined by features of executive
dysfunction (Barkley, 1997; Ozonoff & Jensen, 1999; Willcutt et al., 2005). Future
research should also seek to directly link EF task performance with structural and
functional brain imaging data in order to better understand the neurological
underpinnings of EF and its specific components. Such an approach would also allow
an investigation of any potential differences in the underlying rate of neural
development and maturation of the brain regions supporting hot and cool EF.
Conclusion
In summary, this project has documented the age-related development of hot
and cool EF during middle childhood, and supports the view that hot and cool EF
develop at similar rates across this period. Additionally, the relationship between hot
and cool EF and important functional outcomes has been explored. This project
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provides mixed evidence for a hot-cool distinction in EF during middle childhood.
Although similar patterns of age-related change for hot and cool EF were observed, and
a single factor structure was found (data that do not support a distinction), differential
associations with functional outcomes of intelligence and academic achievement were
observed, along with differences in the moderating influences of hot and cool EF on the
relationship between temperament and psychological difficulties. These different
relationships provide some support for a hot-cool distinction in EF during middle
childhood, and corroborate the importance of continued research into the hot-cool
distinction in EF. The results of this project will likely be of interest to psychologists
and researchers specialising in a range of sub-disciplines including neuropsychology,
developmental psychology, educational psychology and clinical psychology.
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APPENDIX A
Parent Information and Consent Package

Hot and Cool Executive Functioning in Middle Childhood: Development and
Relationships with Cognitive and Emotional Processes, and Functional Outcomes
INFORMATION SHEET FOR PARENTS AND GUARDIANS
Who is conducting the
research?

Professor David Shum
School of Psychology
Griffith University
Mount Gravatt, 4111
Phone: 07 3735 3370
Email: d.shum@griffith.edu.au

Dr Glenda Andrews
School of Psychology
Griffith University
Gold Coast, 4222
Phone: 07 5552 8613
Email: g.andrews@griffith.edu.au

Jennifer Wilson
School of Psychology
Griffith University
Mount Gravatt, 4111
Phone: 07 3735 3306
Email: j.s.wilson@griffith.edu.au
Why is the research being conducted?
This research is being conducted to examine how higher level cognitive functions (such as
inhibiting impulses, switching attention and making decisions) develop, and how they
relate to academic and social outcomes. This research is being conducted as part of
Jennifer Wilson’s PhD research project in psychology at Griffith University.
What your child will be asked to do
Children who take part in the research will complete a series of tasks in two separate
sessions. Some tasks will use a touch-screen computer and have a game-like feel. Other
tasks will consist of answering questions about stories and completing standard academic
tasks of reading, maths and general thinking ability. In one task, children will have the
opportunity to choose a gift of varying size. The two sessions will take 1 hour each and
will be completed a week apart. Children will work one on one with the researcher.
What you will be asked to do
Parents or guardians of children who take part in the research will be asked to complete 2
short questionnaires about their child. These should take approximately 10 minutes to
complete.
The basis by which participants will be selected or screened
Children aged 5 to 12 years are being invited to take part in the study. To be involved in
this project, children must have no previous history of brain injury, learning disorder or
behavioural disorder.
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The expected benefits of the research
The research will have no direct benefit to your child. However, it will contribute to our
knowledge and understanding of children’s normal development. This knowledge may
help to inform and develop learning aids that support the development of higher level
thinking and reasoning.
Risks to your child
Taking part in this research poses no risks to your child.
Your child’s confidentiality
The confidentiality of your child’s responses is assured, as data from each participant
will be identifiable only by a participant number. Once the data is collated, the code
key linking your child’s data with their participant number will be destroyed. Data for
all participants will be combined and no data about individual participants will be
reported in any publications or presentations of the results of this research.
Your child’s participation is voluntary
Your child’s participation is voluntary and you may withdraw your child from the research
at any time. In addition to your consent, your child will be asked if they wish to take part in
the research and may also withdraw at any time.
Questions / further information
If you have any questions please contact Jennifer Wilson (contact details above)
The ethical conduct of this research
Griffith University conducts research in accordance with the National Statement on Ethical
Conduct in Human Research. If potential participants have any concerns or complaints
about the ethical conduct of the research project they should contact the Manager,
Research Ethics on 3735 5585 or research-ethics@griffith.edu.au.
Feedback to you
A summary of the findings of the research project will be made available on completion of
the project. You will be able to obtain a copy of the results from Jennifer Wilson (contact
details above).
Privacy Statement
The conduct of this research involves the collection, access and/or use of your child’s
identified, personal information. The information collected is confidential and will not be
disclosed to third parties without your consent, except to meet government, legal or
other regulatory authority requirements. A de-identified copy of this data may be used
for other research purposes. However, your child’s anonymity will at all times be
safeguarded. For further information consult the University’s Privacy Plan at
www.gu.edu.au/ua/aa/vc/pp or telephone (07) 3735 5585.
Thank you
Professor David Shum, Dr Glenda Andrews, Jennifer Wilson and Griffith University
would like to thank you for taking the time to read this information. It would greatly
assist our research if you allow your child to participate. If you agree to your child’s
participation in this research please sign the attached consent form, and complete the
accompanying data collection form. Please return both forms to your child’s school at
your next opportunity. Many Thanks.
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Hot and Cool Executive Functioning in Middle Childhood: Development and
Relationships with Cognitive and Emotional Processes, and Functional Outcomes
CONSENT FORM
Research
Team

Professor David Shum
School of Psychology
Griffith University
Mount Gravatt, 4111
Phone: 07 3735 3370
Email: d.shum@griffith.edu.au

Dr Glenda Andrews
School of Psychology
Griffith University
Gold Coast
Phone: 07 5552 8613
Email: g.andrews@griffith.edu.au

Jennifer Wilson
School of Psychology
Griffith University
Mount Gravatt, 4111
Phone: 07 3735 3306
Email: j.s.wilson@griffith.edu.au
By signing below, I confirm that I have read and understood the information
package and in particular have noted that:


I understand that my child’s involvement in this research will involve
computer-based tasks, answering questions about stories, standard tasks of
academic skills and thinking ability, and an opportunity to choose a gift of
varying size. These activities will take approximately 2 hours to complete, in two
1-hour sessions, one week apart.



I have had any questions answered to my satisfaction;



I understand that there are no risks involved;



I understand that there will be no direct benefit to me or my child from my
child’s participation in this research;



I understand that my child’s participation in this research is voluntary;



I understand that if I have any additional questions I can contact the
research team;



I understand that I am free to withdraw my child at any time, without
comment or penalty;



I understand that I can contact the Manager, Research Ethics, at Griffith
University Human Research Ethics Committee on 3735 5585 (or researchethics@griffith.edu.au) if I have any concerns about the ethical conduct of
the project; and



I agree for my child to participate in the project.

Name
Signature
Date
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APPENDIX B
Strange Stories Test (Happe, 1994; O’Hare et al., 2009)

Story 1. Lie (Dentist)
John hates going to the dentist because every time he goes to the dentist he
needs a filling, and that hurts a lot. But John knows that when he has toothache, his
mother always takes him to the dentist. Now John has bad toothache at the moment, but
when his mother notices he is looking ill and asks him ‘‘Do you have toothache,
John?’’. John says ‘‘No, Mummy’’.
1.

Is it true what John says to his mother?

2.

Why does John say this?

The above story was accompanied by the illustration shown in Figure B1.

Figure B1. Illustration of strange story involving a lie.
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2. White Lie (Hat)
One day Aunt Jane came to visit Peter. Now Peter loves his aunt very much, but
today she is wearing a new hat; a new hat which Peter thinks is very ugly indeed. Peter
thinks his aunt looks silly in it, and much nicer in her old hat. But when Aunt Jane asks
Peter, ‘‘How do you like my new hat?’’ Peter says, ‘‘Oh, it’s very nice’’.
1.

Was it true what Peter said?

2.

Why did he say it?

The above story was accompanied by the illustration shown in Figure B2.

Figure B2. Illustration of strange story involving a while lie.

3. Sarcasm (Picnic)
Sarah and Tom are going on a picnic. It is Tom’s idea, he says it is going to be a
lovely sunny day for a picnic. But just as they are unpacking the food, it starts to rain
and soon they are both soaked to the skin. Sarah is cross. She says ‘‘Oh yes, a lovely
day for a picnic alright!’’
1.

Is it true what Sarah says?

2.

Why does she say this?
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The above story was accompanied by the illustration shown in Figure B3.

Figure B3. Illustration of strange story involving sarcasm.

4. Persuasion (Kittens)
Jill wanted to buy a kitten, so she went to see Mrs. Smith who had lots of kittens
she didn’t want. Now Mrs. Smith loved the kittens and she wouldn’t do anything to
harm them, though she couldn’t keep them all herself. When Jill visited she wasn’t sure
she wanted one of Mrs. Smith’s kittens, since they were all males and she had wanted a
female. But Mrs. Smith said, ‘‘If no one buys the kittens, I’ll just have to drown
them!’’
1.

Was it true what Mrs. Smith said?

2.

Why did Mrs. Smith say this to Jill?

The above story was accompanied by the illustration shown in Figure B4.
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Figure B4. Illustration of strange story involving persuasion.

5. Contrary Emotions (Swings)
Today, Katy wants to go on the swings in the playground. But to get to the
playground she knows she has to pass old Mr. Jones house. Mr. Jones has a nasty fierce
dog and every time Katy walks past the house, the dog jumps up at the gate and barks.
It scares Katy awfully and she hates walking past the house because of the nasty dog.
But Katy does so want to play on the swings. Katy’s mother asks her ‘‘Do you want to
go out to the playground?’’ Katy says ‘‘No’’.
1.

Is it true what Katy says?

2.

Why does she say she doesn’t want to go to the playground, when she so

wants to go on the swings that are there?

The above story was accompanied by the illustration shown in Figure B5.
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Figure B5. Illustration of strange story involving contrary emotions.

6. Pretend (Banana)
Katie and Emma are playing in the house. Emma picks up a banana from the
fruit bowl and holds it up to her ear. She says to Katie ‘‘Look! This banana is a
telephone!’’
1.

Is it true what Emma says?

2.

Why does Emma say this?

The above story was accompanied by the illustration shown in Figure B6.

Figure B6. Illustration of strange story involving pretend.
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7. Misunderstanding (Glove)
A burglar who has just robbed a shop is making his get- away. As he is running
home, a policeman on his beat sees him drop his glove. He doesn’t know the man is a
burglar, he just wants to tell him he dropped his glove. But when the policeman shouts
out to the burglar, ‘‘Hey you, Stop!’’, the burglar turns round, sees the policeman and
gives himself up. He puts his hands up and admits that he did the break-in at the local
shop.
1.

Was the policeman surprised by what the burglar did?

2.

Why did the burglar do this, when the policeman just wanted to give

him back his glove?

The above story was accompanied by the illustration shown in Figure B7.

Figure B7. Illustration of strange story involving misunderstanding.
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8. Joke (Haircut)
Daniel and Ian see Mrs. Thompson coming out of the hairdressers 1 day. She
looks a bit funny because the hairdresser has cut her hair much too short. Daniel says to
Ian, ‘‘She must have been in a fight with a lawnmower!’’
1.

Is it true what Daniel says?

2.

Why does he say this?

The above story was accompanied by the illustration shown in Figure B8.

Figure B8. Illustration of strange story involving a joke.

9. Figure of Speech (Cough)
Emma has a cough. All through lunch she coughs and coughs and coughs.
Father says ‘‘Poor Emma, you must have a frog in your throat!’’
1.

Is it true what Father says to Emma?

2.

Why does he say that?

The above story was accompanied by the illustration shown in Figure B9.
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Figure B9. Illustration of strange story involving a figure of speech.

10. Double Bluff (Ping-Pong Bat)
Simon is a big liar. Simon’s brother Jim knows this, he knows that Simon never
tells the truth! Now yesterday Simon stole Jim’s ping-pong bat and Jim knows Simon
has hidden it somewhere, though he can’t find it. He’s very cross. So he finds Simon
and he says ‘‘Where is my ping- pong bat? You must have hidden it either in the
cupboard or under your bed, because I’ve looked everywhere else. Where is it, in the
cupboard or under your bed?’’ Simon tells him the bat is under his bed.
1.

Was it true what Simon told Jim?

2.

Where will Jim look for his ping-pong bat?

3.

Why will Jim look there for his bat?

The above story was accompanied by the illustration shown in Figure B10.
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Figure B10. Illustration of strange story involving a double bluff.

11. Appearance/Reality (Santa Claus)
On Christmas Eve, Alice’s mother takes her to the big department store in town.
They go to look in the toy department. In the toy department Mr. Brown, Alice’s next
door neighbour, is dressed up as Santa Claus, giving out sweets to all the children.
Alice thinks she recognises Mr. Brown, so she runs up to him and asks ‘‘Who are
you?’’ Mr. Brown answers ‘‘I’m Santa Claus!’’
1.

Is it true what Mr. Brown says?

2.

Why does he say this?

The above story was accompanied by the illustration shown in Figure B11.

Hot and Cool EF Development 208

Figure B11. Illustration of strange story involving an appearance reality discrepancy.

12. Forget (Doll)
Yvonne is playing in the garden with her doll. She leaves her doll in the garden
when her mother calls her in for lunch. While they are having lunch, it starts to rain.
Yvonne’s mother asks Yvonne ‘‘Did you leave your doll in the garden?’’ Yvonne says
‘‘No, I brought her in with me, Mummy’’.
1.

Is it true what Yvonne says?

2.

Why does Yvonne say this?

The above story was accompanied by the illustration shown in Figure B12.
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Figure B12. Illustration of strange story involving forgetting.
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APPENDIX C
BIS/BAS Scales for Children
Each item on this questionnaire is a statement that may be true or not true for different
people. For each item, indicate how much the statement is Very Like you, Like you, A
Little Like you, or Not Like you. Please answer all the items; do not leave any blank. Only
choose one response for each statement. Please be as honest as you can be. Don’t
worry about being consistent in your responses.
Not
like me

I do not become fearful or nervous, even when
something bad happens to me
I do everything to get the things I want
When I am doing well at something, I like to
keep doing this
I am always willing to try something new, when I
think it will be fun
I feel excited and full of energy when I get
something I want
I am hurt when people scold me or tell me that I
do something wrong
When I want something, I usually go all the way
to get it
I often do things for no other reason that that
they might be fun
When I see an opportunity to get something that
I want, I go for it right away
I feel pretty upset when I think someone is angry
with me
I get really excited when I see an opportunity to
get something I like
I often do things on the spur of the moment
I usually get very tense when I think something
bad is going to happen to me
I get thrilled when good things happen to me
I feel worried when I think I have done poorly at
something
I crave for excitement and new sensations
Nobody can stop me when I want something
I am very fearful compared to my friends
I get very excited when I would win a contest
I worry about making mistakes

A little
like me

Like
me

Very like
me
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APPENDIX D
BIS/BAS Scales for Children – Parent Report
Each item on this questionnaire is a statement that may be true or not true for different
people. For each item, indicate how much the statement is Very Like your child, Like your
child, A Little Like your child, or Not Like your child. Please answer all the items; do not
leave any blank. Only choose one response for each statement. Please be as honest as
you can be. Don’t worry about being consistent in your responses.
Not
like
them

My child does not become fearful or nervous, even when
something bad happens to them
My child does everything to get the things they want
When my child is doing well at something, they like to
keep doing this
My child is always willing to try something new, when
they think it will be fun
My child feels excited and full of energy when they get
something they want
My child is hurt when people scold them or tell them that
they do something wrong
When my child wants something, they usually go all the
way to get it
My child often does things for no other reason that that
they might be fun
When my child sees an opportunity to get something
that they want, they go for it right away
My child feels pretty upset when they think someone is
angry with them
My child gets really excited when they see an
opportunity to get something they like
My child often does things on the spur of the moment
My child usually gets very tense when they think
something bad is going to happen to them
My child gets thrilled when good things happen to them
My child feels worried when they think they have done
poorly at something
My child craves for excitement and new sensations
Nobody can stop my child when they want something
My child is very fearful compared to their friends
My child gets very excited when they would win a
contest
My child worries about making mistakes

A little
like
them

Like
them

Very
like
them
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APPENDIX E
Correlations of EF Measures with Intelligence, Academic Achievement and Social and Psychological Functioning

Vocab.

ab

Matrix
Reas.ab

Word
Read.a

Num.
Ops.a

SDQ
Peer ac

SDQ
Prosoc.cd

SDQ
Cond.c

SDQ
Emot.c

SDQ
Hyp.cd

SDQ
Tot.c

Measure

FSIQ

SWM Total Errors

-.26**

-.19

-.33**

-.25*

-.25*

.12

-.11

.12

.12

.13

.22*

SST SSRT

-.35**

-.22*

-.25*

-.21*

-.21*

.01

.01

.10

.10

.07

.14

IED Total Errors

-.30**

-.13

-.34**

-.18

-.15

.06

.03

.09

.08

.12

.16

CGT Decision Quality

.29**

.14

.37**

.13

.21*

-.04

.01

-.06

-.34**

-.25*

-.28**

CGT Delay Aversion

-.10

-.13

-.18

.06

-.07

.02

-.17

.14

.22*

.18

.25**

CGT Risk Adjustment

.20*

.17

.28**

-.07

-.06

.10

-.01

-.01

-.05

.06

-.00

Gift Delay Score

.27**

.11

.22*

.33**

-.03

.02

.01

-.07

-.05

-.14

-.10

Strange Stories Test Total Score

.25**

.32**

.19*

.38**

-.06

-.08

.22*

-.06

-.01

-.08

-.17

Note. SWM = CANTAB Spatial Working Memory; SST = CANTAB Stop Signal Task; SSRT = Stop Signal Reaction Time; IED = CANTAB IntraExtra Dimensional Set Shift task; CGT = CANTAB Cambridge Gambling Task; FSIQ = Full-scale IQ; Vocab. = Vocabulary Raw Score; Matrix Reas.
= Matrix Reasoning Raw Score; Word Read. = Word Reading Raw Score; Num. Ops. = Numerical Operations Raw Score; SDQ = Strengths and
Difficulties Questionnaire; Peer = Peer Problems; Prosoc. = Prosocial Behaviour; Cond. = Conduct Problems; Emot. = Emotional Symptoms; Hyp. =
Hyperactivity; Tot. = Total; * p < .05, ** p < .01; a Age-controlled correlations; b 6 to 12-year-olds, N = 107; c Parent-reported data, N = 105; c Gendercontrolled correlations; d Gender-controlled correlations.
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APPENDIX F
Summary of Correlations, Means and Standard Deviations Amongst SDQ Scales
Scale

Mean

SD

1.

2.

3.

4.

5.

6.

1. SDQ Total Problems

8.06

5.42

-

.65**

.68**

.82**

.57**

-.27**

2. SDQ Conduct Problems

1.35

1.49

-

.27**

.47**

.16

-.34**

3. SDQ Emotional Problems

2.00

2.04

-

.31**

.29**

-.04

4. SDQ Hyperactivity

3.44

2.67

-

.28**

-.19

5. SDQ Peer Problems

1.27

1.52

-

-.23*

6. SDQ Prosocial Behaviour
8.40
1.64
Note. * p < .05, ** p < .01; SDQ = Strengths and Difficulties Questionnaire

-

