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Editorial on the Research Topic

Intra- and Inter-individual Variability of Executive Functions: Determinant and Modulating
Factors in Healthy and Pathological Conditions

Executive functioning generally refers to the ability to organize thought and action based on
intentions and goals, especially in novel, complex or difficult situations. Executive functioning is
a multifaceted psychological construct that may be depicted as a set of related but separable high-
level cognitive abilities, possibly supported by the prefrontal cortex and implemented by larger
brain networks (Shallice and Burgess, 1996; Miyake et al., 2000) but see Duncan et al. (1997).
Many models exist that emphasize commonalities or differences among various executive functions
(EF). While the number and type of EF that exist remain a topic of debate, most authors would
agree that EF show high intra- and inter-individual variability in terms of their cognitive and
behavioral manifestations.

But what are the determinant and modulating factors that might explain the variability across
EF? Do neuro-anatomical or neuro-functional factors and/or the environment influence EF? The
overall goal of our research topic was to provide a forum to explore the contributions of different
research groups investigating intra- and inter-individual variability in EF. We welcomed empirical,
theoretical and meta-analytical work involving both clinical and healthy human populations. We
were impressed by the number of authors who did indeed rally to our call; our research topic
resulted in contributions from 187 authors and 39 published articles. At the time of writing, our
research topic has resulted in an impressive 62,809 total views and 5,728 article downloads. We
hope after reading these articles, you will be more sensitive to the various factors that contribute to
intra- and inter-subject variability in EF and will be inspired to consider these when studying EF in
both healthy and pathological conditions.

What follows is a brief overview of the contributions to our research topic. We aim to highlight
some of the key influences on EF variability, and some of the interesting questions to emerge
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from these articles that we hope will encourage and influence
future research. We appreciate that this editorial cannot fully
do our research topic justice in terms of the breadth and depth
of topics/questions included and so we encourage you to read
further the contributions that these articles offer to the research
area of EF.

DEVELOPMENTAL TRAJECTORY OF EF

Although EF are thought to be multifaceted, the general
consensus in the developmental literature is that there is a
unitary EF factor in preschool children (Wiebe et al.,, 2008).
This develops into a two factor model (working memory and
inhibition/shifting) in primary school-aged children (Brydges
et al., 2014) and finally, manifests into a three-factor model in
adolescence (Latzman and Markon, 2010). By late adulthood, EF
become more unidimensional again (sometimes referred to as the
differentiation-dedifferentiation hypothesis, Wiebe et al., 2011;
Brydges et al.,, 2012).

Developing this work further, several contributions in
our research topic examine the tripartite model in children,
adolescents and young adults. Messer et al. examined the
relationship between 10 verbal and non-verbal EF tasks in 128
typically developing primary-school aged children. Their aim was
to determine how performance on these distinct EF tasks relates
with one another. The exploratory factor analysis produced
two factors, one inhibition factor containing the two inhibition
tasks, and a general EF factor that included the other shifting,
working memory/updating, fluency, and planning tasks. Here,
the findings of a two-factor EF model in primary-school aged
children was replicated, although the nature of the factors varied.
It may be that different factor structures are the product of task
impurity (Miyake et al., 2000) where distinct tasks tapping the
same EF function have different relationships with other EF tasks.
The selection of the EF components considered is often task-
based but Messer et al. propose that future work should select
EF tasks based on evidence from brain/behavior relationships.

Developmental changes in the factor structure of EF factors
are thought to be related to maturation in the prefrontal cortex,
a region which continues to experience considerable changes in
adolescence (Yakovlev and Lecours, 1967). Neuroimaging studies
have shown a linear increase in prefrontal white matter volume
due to increased myelination during adolescence (Barnea-
Goraly et al., 2005). There is also a reduction in gray matter
volume (Gogtay et al., 2004) due to a reduction in synaptic
density but an increase in the remaining synapses efficiency
(Blakemore and Choudhury, 2006). This brain development
may continue in late adolescence and early 20s (Gogtay et al.,
2004) and not reach stability until around 30 years of age
(Sowell et al, 2003). In our research topic, Smolker et al.
examined whether individual differences in gray and white
matter measures are associated with individual differences in
EF in young adults in their 20s. They administered 6 tasks
tapping the three constructs of the tripartite model to 251
adults. Smolker et al. reported a common factor influencing
performance on all EF tasks, as well as updating-specific and
shifting-specific factors. In terms of associations between the
EF and neuroanatomical measures, they found the common EF

was related to several gray matter and fractional anisotropy
characteristics. The updating-specific factor was associated with
gray matter characteristics only, whereas the shifting-specific
factor was associated with several white matter properties (see
Smolker et al.). In another study involving the same cohort,
Reineberg et al. examined the relationship between fMRI resting
state network connectivity and individual differences in separable
components of EF. The authors found that individuals with
higher performance on the shifting-specific factor had more
positive connectivity between the frontoparietal and visual
networks, whereas individuals with higher performance on the
common EF factor exhibited increased connectivity between
sensory and default mode networks. These results uncover more
specific relationships between connectivity and EF.

Contributors to our research topic have also examined the
latent factor structure of EF in relation to neurodevelopmental
conditions such as autism (Filipe et al.) and dyslexia (Doyle
et al.). Filipe et al. highlighted an important bidirectional link
between EF skills (divided attention, working memory, set-
switching, inhibition) and prosodic abilities, although children
with high functioning autism and controls did not differ. Doyle
et al. examined how different EF contribute to reading ability
by studying children with dyslexia and age-matched controls.
Proficient reading is thought to require EF to switch between
multiple reading processes, inhibit irrelevant information, and
hold and update speech. However, the exact profile of spared
and impaired EF associated with dyslexia remains unclear with
some studies reporting EF impairments (Bexkens et al., 2014)
and others not (Poljac et al., 2010). Doyle et al. found that the
inhibition and updating composite scores significantly predicted
reading ability and the likelihood of dyslexia whereas switching
did not. These findings encourage future work to explore EF
training as an intervention for children with dyslexia, which in
turn, might transfer to improved reading ability.

AGING AND EF

Moving to the other end of the spectrum and the influence of
cognitive aging on EF, studies consistently report that healthy
older adults perform poorer than younger adults on EF tasks
(see MacPherson and Della Sala, 2015). Frontal lobe theories
of cognitive aging propose that the age-related decline on EF
tasks is either due to overall frontal lobe decline (West, 1996) or
more specific dorsolateral prefrontal decline (MacPherson et al.,
2002). In support of these theories, neuroimaging studies have
demonstrated that the frontal lobes are especially vulnerable to
age-related changes in terms of overall cortical volume, cortical
thickness, and white matter compared to other brain regions
(Fjell et al., 2009).

While there seems little doubt that healthy and pathological
aging result in structural and functional changes in the frontal
lobes and poorer EF performance (Cabeza and Dennis, 2013),
it remains less clear whether older adults experience similar
patterns of deterioration across different EF. In the cognitive
aging literature, most attention has been placed on examining
intra-individual variability across task trials (Dykiert et al., 2012),
and less attention has been placed on “dispersion”—the study
of variability across cognitive tasks (Hilborn et al., 2009). Some
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cross-sectional and longitudinal aging studies have reported that
dispersion reduces with age (Rabbitt et al., 2004) but others
have found an increase in dispersion with age (Sosnoff and
Newell, 2006). In our research topic, Buczylowska and Petermann
examined a large group of 444 healthy adults aged from 18
to 99 years performing the NAB Executive Functions Module,
which includes subtests of planning, mazes, letter fluency,
judgment, categories, and word generation. The authors found
that the variability across EF tasks decreased with age and there
were increasing intercorrelations between tasks. These findings
suggest EF in late adulthood become unidimensional in nature
and provide support for the dedifferentiation hypothesis.

On a different note, our research topic also includes work
further examining the relationship between EF performance and
neurodegenerative changes in older adults. For example, Di Tella
et al. explored the relationship between EF, specifically selection,
and changes in cortical thickness in the inferior regions of the
frontal lobes in patients with Parkinson’s disease (PD) with
predominantly left or right cortical involvement. Twenty-one PD
patients and 19 controls performed a noun-verb generation task
and a second verb-noun derivation task. Only PD patients with
left-sided but not right-sided atrophy were impaired compared
to the controls on both linguistic tasks. Furthermore, in the
left-sided PD patients, significant correlations between accuracy
and RTs and cortical thickness in the left inferior frontal gyrus
(IFG) were found. Di Tella et al. conclude that linguistic and EF
processes interact in the left IFG during word production tasks
involving selection and suggest that future work should consider
these structural cortical asymmetries in PD further.

In another study, Palermo et al. examined PD patients
partial or complete unawareness of their involuntary movements
(i.e., dyskinesias-reduced-self-awareness, DRSA) in relation to
performance on response-inhibition tasks and hypofunctionality
in the anterior cingulate cortex (ACC). Previously, Maier et al.
(2016) demonstrated that impaired self-awareness in PD patients
was related to reduced metabolism in the bilateral frontal regions
including the medial frontal gyrus (particularly the ACC), which
has been associated with impaired self-awareness in Alzheimer’s
disease (AD; Amanzio et al., 2011), acquired brain injury
(Palermo et al., 2014), bipolar disorder (Palermo et al., 2015),
and schizophrenia (Orfei et al., 2010). Palermo et al. extend their
own work to 27 PD patients presenting with motor fluctuations
and dyskinesias who underwent event-related functional MRI
while performing a response-inhibition GO/No-GO task. They
found that reduced bilateral ACC involvement, as well as in the
bilateral anterior insular cortex and right dorsolateral prefrontal
cortex, was related to the presence of DRSA. Furthermore,
DRSA scores significantly correlated with percent errors on the
No-GO condition. The authors conclude that the reduction in
self-awareness of dyskinesias in PD may be due to a specific
impairment in EF related to metacognitive awareness.

ENVIRONMENTAL INFLUENCES ON EF

Certain lifetime experiences have been proposed to “protect”
against the impact of brain damage, which may account for

the variability in cognitive performance that can be found in
patients with similar degrees of brain pathology. These protective
influences have been referred to as cognitive reserve (CR;
Stern, 2002). As CR cannot be assessed directly, a number of
indicators have been proposed as CR proxies. Education level
is a commonly adopted index of CR, as is literacy attainment,
which is typically measured using single word reading tests such
as the National Adult Reading Test (NART; Nelson and Willison,
1991). CR has predominantly been investigated in relation to
neurodegenerative disorders such as AD, traumatic brain injury
and healthy aging (Harrison et al., 2015), where individuals who
have higher levels of education and/or NART IQ are found to
have less cognitive impairment than individuals with lower levels
of education and/or NART IQ (e.g., Singh-Manoux et al., 2011).

Readers of this research topic will be most keen to consider
the influence, if any, of CR on EF. Indeed, there is some evidence
to suggest that EF are susceptible to the mitigating effects
of CR. Educational attainment has been found to predict EF
performance both in healthy aging (Meguro et al., 2001) and AD
(Scarmeas et al., 2006). Higher education in stroke patients has
also been associated with better performance on EF tests (Ojala-
Oksala et al.,, 2012). More recently, MacPherson et al. (2017)
retrospectively examined patients with frontal lesions and found
that NART IQ (and age) predicted performance on EF tests (i.e.,
Stroop Test and letter fluency). Therefore, there do appear to be
protective effects of CR on EF and this may explain some of the
inter-individual variability in performance on certain tasks across
patients with similar levels of brain pathology.

In the current research topic, De Felice and Holland studied
whether CR factors might have differential effects on individuals’
performance on distinct EF tasks (i.e., fluency, Trail-Making Test,
and digit span forwards and backwards) depending upon their
age. They compared younger (22-31 years), middle-old (59-71
years), and old-old (76-91 years) groups. They reported a trend
that old-old adults had the greatest dispersion index, and this was
coupled with poorer task performance compared to the younger
and middle-old groups. The authors conclude that middle-old
adults with better cognition exclusively benefit from higher CR
and demonstrate a dispersion index equivalent to younger adults.

Both education and NART IQ have been criticized as indices
of CR (Jones et al, 2011). Education varies in the quality,
availability and subjects taught across different countries and
social groups whereas dyslexia and other learning difficulties
are detrimental to performance on literacy attainment and can
result in inaccurate estimates (Ikanga et al., 2016). Moreover,
other real-life factors that may modify cognitive decline such
as occupational attainment (Garibotto et al., 2008) and leisure
activities (Wilson et al., 2002) are considered less by researchers.
Given that different indices might contribute to CR, Nucci
et al. (2012) devised the Cognitive Reserve Index questionnaire
(CRIq), which provides a measure of overall cognitive reserve
but also distinct dimensions that contribute to the overall score
(i.e., education, occupational attainment, and leisure time). In
our research topic, Moretti et al. considered the potential role of
distinct CR factors and general slowing on modulating cognitive
flexibility in young, middle-age and older adults. Using the CRIq,
the authors report that education was the only index associated
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with reduced switch costs under time pressure and highlight
the importance of using tools designed to distinguish between
different CR dimensions to understand better which life-long
experiences protect different cognitive functions (Puccioni and
Vallesi, 2012a,b).

Another potential life course factor thought to play a
protective role against cognitive decline is bilingualism.
Bilingualism is a hot topic in the EF literature given that
some work has shown that bilingualism results in improved
cognitive function in healthy aging (Bak et al, 2014) and
post-stroke (Alladi et al., 2016) and is associated with a delay
in the onset of mild cognitive impairment (Ramakrishnan
et al., 2017), dementia (Bialystok et al., 2007) and behavioral
variant frontotemporal dementia (Alladi et al,, 2017). While
there is considerable debate around the presence, magnitude and
mechanisms associated with the bilingualism effect (Freedman
et al., 2014), some research has shown positive effects on EF
associated with speaking more than one language (Bak, 2016).

When studying bilingualism, it is important to know whether
such benefits are specific to language or are domain-general.
While some propose that long-standing bilingualism affects
non-linguistic executive control, as smaller switch costs are
reported in bilinguals performing non-linguistic tasks compared
to monolinguals (Prior and Macwhinney, 2010), others have not
found a bilingual advantage (Paap et al., 2017). In this research
topic, Timmer et al. argue that the currently used linguistic and
non-linguistic control measures in bilinguals may not be reliable.
Using linguistic and non-linguistic switch tasks administered to
Catalan-Spanish-English trilinguals, they demonstrated that the
cost of switching between languages/tasks compared to repeating
the same language/task is a reliable measure of cross-talk between
linguistic and non-linguistic executive control and that there
are at least some shared processes across the tasks. Timmer et
al’s work makes us reconsider the reliability of the measures
used to study bilingualism. Perhaps bilingualism can result in
domain-general benefits but, for now, the jury is still out.

While the bilingualism debate will continue for some time, our
research topic also includes studies examining whether expertise
for other skills, such as playing strategy board games, goes beyond
the specific skill itself and results in a more general advantage
for cognitive skills. Training in board games such as chess may
potentially enhance an individual’s working memory abilities
(WM) as players need to hold in WM several potential offensive
moves and their opponent’s predicted responses to each of
those future moves. Consistently, however, experimental studies
involving chess experts and novices performing WM tasks using
chessboards and faces or scenes have reported group differences
between the experts and novices for chessboard stimuli but not
other stimulus types (Bartlett et al., 2013). The neuroimaging
results are less consistent with some studies reporting an increase
in activation in the fusiform gyrus in experts compared to novices
in response to chessboards (Bilali¢ et al., 2011), yet others report
no differences (Krawczyk et al., 2011).

In our research topic, Jung et al. examined whether expertise
for the Korean strategy board game, Baduk, goes beyond
the game itself and how it maps on networks associated
with cognitive abilities that are not directly trained. The

authors adopted a data-driven, whole-brain multivariate analytic
approach as part of a connectome-wise association study
(CWAS) to examine brain-behavior relationships in experts.
Seventeen Baduk experts performed a visual n-back WM task
including both face matching and spatial location matching
conditions. They found that experts did not show an increase
in WM ability compared to novices suggesting that expertise
does not transfer to other cognitive abilities. However, experts
did have greater activation in the superior parietal cortex during
the face WM task and greater connectivity between frontal and
parietal regions and between frontal and temporal regions. These
findings provide evidence that experts undergo reorganization
of functional interactions between brain regions associated with
WM., showing that experience-related brain changes may be
more sensitive than behavioral ones.

In another study of expertise, Visalli and Vallesi examined
the expertise of quality-control employees, focusing on whether
visual search expertise extends to generalized search behaviors.
In particular, they focused on monitoring processes, the
goal of which is to “quality check” in order to enhance
behavior (see Vallesi, 2012 for an overview). Twenty-four fruit
quality controllers and 23 controls performed a computerized
visual search task with one block containing oranges (expert
knowledge) and one block containing the Smurfette doll
(neutral knowledge). They found that quality-controllers were
significantly faster than controls in the conditions thought
to require monitoring processes (i.e., all target-present and
target-absent conditions except the orange-present condition).
These results suggest that top-down processes in visual
search can be enhanced through immersive real-life experience
beyond visual expertise advantages. Therefore, the findings
of associations between expertise and improved EF are not
consistent and may depend on the type of expertise and the
tasks involved.

INTELLIGENCE AND EF

Some theories suggest that the frontal lobes play a role in
general control processes that are employed when performing
diverse cognitive tasks, regardless of the type of information
being processed (e.g., Duncan, 2001; Miller and Cohen, 2001).
Neuroimaging studies have demonstrated activation in the lateral
frontal cortex, dorsomedial frontal cortex, and anterior insula, as
well as the intraparietal sulcus, when performing difficult tasks
across different domains (Fedorenko et al., 2012). The activation
of these regions when performing distinct tasks has been referred
to as the multiple-demand (MD) network, and this network is
thought to be central in the organization of several types of
behavior (Duncan, 2005).

The activity in the MD network when performing different
cognitive tests has been associated with fluid intelligence
(e.g., Woolgar et al, 2010) and this has led researchers to
investigate the relationship between fluid intelligence and EF.
Research studies have found that fluid intelligence positively
correlates with EF measures and frontal lobe lesions impair
performance on tests of fluid intelligence (Duncan et al,, 1995),

Frontiers in Psychology | www.frontiersin.org

10

March 2019 | Volume 10 | Article 432


https://doi.org/10.3389/fpsyg.2018.01032
https://doi.org/10.3389/fpsyg.2018.01032
https://doi.org/10.3389/fnhum.2018.00319
https://doi.org/10.3389/fpsyg.2018.00145
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychology#articles

MacPherson et al.

Variability of Executive Functions

particularly lesions involving MD regions (Woolgar et al., 2010).
Furthermore, activation in the MD network is found when
individuals perform fluid intelligence tests (Duncan et al., 2000).
Interestingly, increasing complexity in nonverbal reasoning
tasks has recently been associated with abnormal MD network
activation in individuals with developmental corpus callosal
dysgenesis (Hearne et al., 2018). These findings suggest that
it may be a decline in fluid intelligence which underlies the
EF impairments reported in frontal patients. Roca et al. (2010)
demonstrated that impaired performance in frontal patients
on EF tests such as the Wisconsin Card Sorting Test, verbal
fluency and the Iowa Gambling Task can be explained by
fluid intelligence impairments, although Robinson et al. (2012)
showed the opposite for verbal fluency. However, for other EF
tasks such as the Hayling Sentence Completion test and the
Stroop test, frontal patients’ impairments could not be accounted
for by reduced fluid abilities (Roca et al., 2010; Cipolotti et al.,
2016: for a similar finding in schizophrenia see Martin et al.,
2015). Moreover, although Barbey et al. (2012) identified shared
neural substrates in the frontal and parietal cortex for EF and
general intelligence (g), there were additional brain regions
specific to EF (e.g., the left anterior pole) and brain regions
specific to g (e.g., the left inferior occipital gyrus and the right
superior and inferior parietal lobe).

In our research topic, contributors have further examined
the relationship between EF abilities and intelligence in healthy
and patient populations. Necka et al. investigated whether self-
control (SC) is subserved by EF in 296 healthy younger volunteers
through the administration of 5 EF tasks, 3 self-report SC
measures and two fluid intelligence tests. Using a structural
equation modeling approach, three latent variables of executive
control, behavioral control, and fluid intelligence (Gf) were
extracted. Surprisingly, Necka et al. did not find any EF-SC
or Gf-SC relationships. However, a reasonably strong EF-Gf
relationship was found. The authors conclude that SC may
not depend on the strength of executive control, at least in
healthy adults.

Moving onto studies involving frontal patients, Chan et al.
examined whether the memory impairments often reported
in frontal patients are better explained by declines in fluid
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There has been considerable debate and interest in the factor structure of executive
functioning (EF). For children and young people, there is evidence of a progression from
a single factor to a more differentiated structure, although the precise nature of these
factors differs between investigations. The purpose of the current study was to look
at this issue again with another sample, and try to understand possible reasons for
previous differences between investigations. In addition, we examined the relationship
between less central EF tasks, such as fluency and planning, to the more common
tasks of updating/executive working memory (EWM), inhibition, and switching/shifting.
A final aim was to carry out analyses which are relevant to the debate about whether
EF is influenced by language ability, or language ability is influenced by EF. We reasoned
that if language ability affects EF, a factor analysis of verbal and non-verbal EF tasks
might result in the identification of a factor which predominantly contains verbal tasks
and a factor that predominately contains non-verbal tasks. Our investigation involved
128 typically developing participants (mean age 10:4) who were given EF assessments
that included verbal and non-verbal versions of each task: EWM; switching; inhibition;
fluency; and planning. Exploratory factor analyses on EWM, switching, and inhibition
produced a structure consisting of inhibition in one factor and the remaining tasks in
another. It was decided to exclude verbal planning from the next analyses of all the
ten tasks because of statistical considerations. Analysis of the remaining nine EF tasks
produced two factors, one factor containing the two inhibition tasks, and another factor
that contained all the other tasks (switching, EWM, fluency, and non-verbal planning).
There was little evidence that the verbal or non-verbal elements in these tasks affected
the factor structure. Both these issues are considered in the discussion, where there is
a general evaluation of findings about the factor structure of EF.

Keywords: executive functioning, children, factor structure, task impurity, unity and diversity

INTRODUCTION

Executive functioning (EF) continues to be an important topic of research in relation to children
and young people (Diamond, 2013). There is a growing consensus about the cognitive processes
and relevant assessment procedures for the investigation of EF. However, there has been a
longstanding discussion about whether the different forms of EF should be considered as making
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up one single area of cognitive functioning or involve
separable/distinct statistical factors, as well as discussion about
the nature of, and relationships between, identifiable factors. Such
investigations can help with the understanding of relationships
between different tasks that are used to assess EF. These are
important and challenging issues similar to those seen in research
on the separability of intelligence into different factors (McGrew,
2005).

The Structure of EF and Its Development
Research with adults tends to identify three EF factors (inhibition,
switching, and updating), which are related to each other, but
nevertheless are separable, hence the suggestion that EF involves
both unity and diversity (Miyake et al.,, 2000). In relation to
children and young people, there is a widely held view that
with increasing age the elements of EF become more separable
from one another, although there are disagreements about which
factors are separable and at which ages. We use the term “factor”
to refer to EF tasks that have been identified on a statistical
basis as being related to one another. “Component” is used to
refer to the three commonly identified forms of EF, specifically
updating/executive working memory (EWM; which involves the
executive component of working memory), switching/shifting,
and inhibition. For children between 3 and 6 years, several
investigators (Wiebe et al., 2008, 2011; Hughes et al., 2010) have
reported that EF is best described as a single factor. Thus, it
appears that in the pre-school age, EF may be undifferentiated
and does not involve statistically separable factors, so that
individual differences (i.e., the differences between children)
across different EF components appear to be influenced by a
general cognitive capacity such as attention (Garon et al., 2008).

In the 6 to 12 year age range a number of different factor
structures have been identified. For children aged 7-9 years
and 10-11 years, Xu et al. (2013) compared five models of
the structure of EF, reporting that a one-factor model was
reasonably good at accounting for their data (inhibition, EWM,
and switching). However, several groups of researchers have
identified two-factor models of EF in the 6-12 years age range,
although the models differ with regards to which EF tasks
occur in the same factor. At 9-12 years, van der Sluis et al.
(2007) reported that EWM and shifting were separate factors,
but a separate inhibition factor was not supported by their
data. In another study with 11-12-year-old children, St Clair-
Thompson and Gathercole (2006) identified updating/EWM and
inhibition as separate factors, but not switching. van der Ven
et al. (2013) also reported a two-factor model (an updating
factor and a combined inhibition and shifting factor), but
noted that verbal ability and motor speed were additionally
implicated. Finally, Huizinga et al. (2006) found good evidence
for two factors (EWM, set shifting) in 7- and 1l-year-olds
(and also in 15- and 21-year-olds), although there was no
evidence for an underlying inhibition construct as the three
inhibition measures they used did not relate well to each
other.

There are also findings providing support for a three-
factor structure. Lehto et al. (2003) used both exploratory and
confirmatory factor analyses with 8 to 13 year-old-children, and

identified three interrelated factors which had an approximate
correspondence with EWM, inhibition and shifting. In addition,
Wu et al. (2011) found that this three-factor structure of EF in
individuals aged between 7 and 14 years also provided the best fit
for their data.

Thus, in the primary school years, it is possible to identify
separable factors involving EF abilities, but there is a lack
of agreement about the composition of these factors. Most
investigations have used confirmatory factor analysis to identify
the factor structure that best fits the relevant data. Given the
uncertainty about which model is supported by theory and
previous research, we used exploratory factor analysis (EFA)
rather than confirmatory factor analysis (CFA).

Further Measures of EF in Children:

Planning and Fluency

Planning and fluency are often studied in patients with
frontal lobe damage and reflect a range processes that are
relevant for everyday life (e.g., Pennington and Ozonoff, 1996).
However, although these processes involve potentially important
assessments of EF, there are uncertainties about how they relate
to EWM, inhibition and shifting.

Our planning measure was the “sorting” task from the
Delis-Kaplan Executive Functioning System (D-KEFS; Delis
et al, 2001) and involved grouping cards into equal sized
sets based on card features such as size, shape, and concept.
According to the manual, this task assesses problem-solving,
in particular concept-formation and rule generation. As with
many EF tasks it may also assess inhibition of previous
responses (Swanson, 2005), and more generally the task
has been thought to assess planning ability (Henry et al,
2012). Furthermore, although planning is sometimes regarded
as another component of EF it also has been argued as
being a higher order construct (Diamond, 2013). Research on
the D-KFES Sorting task has been limited, but performance
on the task appears to differentiate between children with
disabilities and children with typical development (Mattson et al.,
1999).

The other additional EF assessment concerned fluency, the
ability to generate as many different examples of a class of items
as possible within a short time period. The usual tasks used to
assess verbal fluency involve target categories such as animals or
words beginning with a particular letter (semantic and phonemic
fluency, respectively); a common example of a non-verbal fluency
task involves drawing as many different shapes as possible on
a template of the same pattern of dots (design fluency). There
are limited findings that fluency relates to some of the three
commonly identified components of EF. For example, Lehto et al.
(2003) reported that performance on semantic and phonemic
fluency tasks was related to performance on a shifting task (Trail
Making), while Rosen and Engle (1997) found that verbal fluency
was related to working memory ability. There has also been
discussion of whether fluency is more closely related to EF or
language abilities (Shao et al., 2014; Henry et al., 2015; Whiteside
et al., 2016; Marshall et al., 2017). Consequently, there is a need
to understand the way that verbal and non-verbal fluency relate
to the more usual assessment of EF.
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Relationships Between EF and Language
Ability

Our interest in the structure of EF also concerned whether verbal
and non-verbal assessments were grouped into separate factors.
There has been discussion about whether EF is influenced by
language ability or vice versa (Bishop et al., 2014). In two previous
investigations findings indicated that the influence of language
disorder on EF is not confined to verbal tasks, but also extends
to non-verbal EF tasks, something that would not be expected if
language disorders only had a direct and specific effect on tasks
which involve verbal operations (Henry et al., 2012; Yang and
Gray, 2017).

However, different findings have been reported about the
relationships between language ability and EF in students who
are deaf. These students often have delays in the progress of
spoken and/or sign languages and this could affect verbal and
non-verbal EF performance. In these investigations there is more
evidence that language ability influences performance on EF
tasks rather than vice versa (Figueras et al., 2008; Botting et al.,
2016). Jones et al. (unpublished), using cross lagged regressions,
confirmed that language led EF developmentally and not just at
the performance level, although this effect was stronger for deaf
children than hearing participants.

A further viewpoint is provided by Gooch et al. (2016) who
failed to identify influences in either direction between EF and
language in children at risk for dyslexia and typically developing
children: the abilities appeared to develop together, but did not
influence each other. This was interpreted as supporting the
existence of a third influence, such as processing speed, on both
EF and language, which causes relationships between the two
domains.

Factor analyses provide an additional way to investigate these
issues about language and EF by examining the relationships
between non-verbal and verbal EF tasks. If language abilities
only affect performance on verbal tasks and not non-verbal
tasks, it might be expected that verbal EF tasks would be a
notable feature of one factor, and that non-verbal EF tasks
would be a notable feature of another factor. Such findings
would provide additional indirect evidence about the relationship
between language and EF.

The Current Study

Our investigation of the factor structure of EF in the primary
school years was carried out on data already collected from
typically developing children in two previous studies (Henry
et al.,, 2012; Leonard et al., 2015). The same assessments of EF
were used in both investigations, and to ensure comparability in
the measures, separate z-scores were calculated for each sample,
which should minimize the effect of any confounds. The research
was designed to address three research questions concerning
children in the 6-12 year age range:

(1) Does EFA using verbal and non-verbal EF tasks assessing
EWM, inhibition and switching produce a factor structure
that is similar to one of those reported in previous
investigations?

(2) Does the inclusion of fluency and planning assessments in
the EFA analysis produce modifications to the initial factor
structure?

(3) Is there evidence for language having an influence on the
structural organization of verbal and non-verbal EF tasks?

MATERIALS AND METHODS

Participants

A total of 159 participants were recruited to be part of the
typically developing comparison groups of two investigations
concerned with EE one study was concerned with specific
language impairment (SLI) and the other with developmental
coordination disorder (DCD). The former study recruited 88
children with typical development and the latter 71 children with
typical development; 14 children recruited into the SLI study
were excluded to give an age range in the remaining sample
between 6 and 12 years 6 months [SLI study mean age 9:2 years
(SD 23 months); DCD study mean age 9:5 years (SD 12 months)].

The selection criteria in the two investigations ensured that
children considered as typically developing in each study were
distinguishable from the target clinical groups. Thus, both groups
of children with typical development met acceptable, but slightly
different, criteria for inclusion. In the SLI study the criteria
for inclusion were non-verbal abilities in the average range as
assessed by BAS-II Matrices (T-scores of 40 or greater, mean = 50,
SD = 10; British Ability Scales-II, Elliott et al., 1996) and scaled
scores of eight or more on four CELF-4-UK subscales (Clinical
Evaluation of Language Fundamentals-4-UK; Semel et al., 2006;
see below). In the DCD study, the inclusion criteria were a
General Cognitive Index of 70 or above (calculated from BAS3,
Word Definitions, Verbal Similarities and Matrices subscales;
Elliot and Smith, 2011), together with at least one standard
score of four or above on two CELF-4-UK subtests (Formulated
Sentences and Word Classes-Receptive). The children in the
latter study also had to have percentile scores equal to or above
25 on the Movement Assessment Battery for Children (MABC-2;
Henderson et al., 2007) and a standardized score of 70 or above
on the Test of Word Reading Efficiency (TOWRE; Torgesen et al.,
1999).

To help to ensure comparability between the two samples,
children from the DCD study were excluded if their Matrices
subscale T-score was below 40 and if either of the two CELF-
4-UK subscales administered were below eight. This excluded
17 children, so the remaining total sample consisted of 128
participants (mean age 111.13 months, SD 19.59; there were 58
female participants). The standardized scores from the BAS-II
(SLI study) and BAS3 (DCD study) for verbal ability were SLI,
111.56 (SD 10.39) and DCD, 108.70 (SD 10.77). The T-scores for
the BAS matrices assessment were, respectively, 52.03 (SD 6.29)
and 52.63 (SD 8.19). The mean scores for both groups of children
were slightly above average and this probably reflects the selection
criteria for both these samples.

The children were recruited from schools within Greater
London and, in the study involving children with SLI,
very occasionally, via direct contact with parents/guardians.
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The catchment areas of the schools were variable in nature,
but predominately low to mid socio-economic status. All the
children were regarded by their assessors as having typical levels
of spoken English and no child appeared to have English as a
second language. All the children in the sample had BAS verbal
standardized scores above 89.

For the study that concerned children with SLI, testing took
place across 3-8 sessions, making up 3'/2 h for the complete
battery, usually at school but occasionally at the child’s home. For
the DCD study, 5-6 sessions of 45 min to 1 h each were conducted
at school, making up 5 h for the complete battery. A range of
non-EF assessments were also carried out in these investigations
and further details about the general findings are described in
our other publications (Henry et al., 2012; Leonard et al., 2015).
Measures were administered in random orders to participants.

The projects were granted ethical approval from the
appropriate University Research Ethics Committees, and were
discussed in detail with relevant school staff before recruitment.
Informed consent for participation was obtained in writing
(telephone permission occasionally) from parents/guardians;
children/students also gave their oral and written assent and were
told they could opt out at any time.

EF Tasks

Each executive ability was assessed using pairs of tests, one for
the verbal domain and one for the non-verbal domain. We
used various strategies to try to select comparable verbal and
non-verbal tasks that assessed predominantly the construct in
question. In some cases it was possible to use assessments which
had the same task structure, but involved either verbal or non-
verbal behavior (e.g., inhibition), in other cases we were guided
by theoretical models which have resulted in different tasks to
assess comparable verbal and non-verbal abilities (e.g., EWM),
or we used similar tasks from the same assessment battery which
involved either a verbal or non-verbal response (e.g., fluency and
planning). Although, the tasks were selected to provide a useful
test of differences between verbal and non-verbal functioning, we
are not claiming that task purity was achieved.

Executive Working Memory
Executive working memory requires concurrent processing and
storage. The verbal task was Listening Recall (Working Memory
Test Battery for Children, WMTB-C; Pickering and Gathercole,
2001). A series of short sentences were read to the children
and they judged whether each was true/false (processing). The
children were then asked to recall the final word from each
sentence in correct serial order (storage). The first trials had a
list length of one item, and the task progressed on to longer lists,
with six trials per list length, until 4/6 trials were incorrect. Total
trials correct were scored. Test-retest reliabilities of 0.38-0.83 are
reported for the relevant ages (Pickering and Gathercole, 2001).
The odd-one-out test was the non-verbal EWM task (Henry,
2001). The Experimenter presented three cards showing simple
nonsense shapes (horizontally orientated on 20 cm x 4 cm
cards). The child pointed to the shape which was the “odd-
one-out” (processing). Storage was assessed via response sheets
(20 cm x 30cm) which had three “empty” boxes that represented

the cards, so the child could point to the location of each
identified “odd-one-out.” The first trial had one item, and the task
progressed on to longer lists, with three trials per list length, until
2/3 trials were incorrect. Total trials correct were scored. The
span version of this task has a reliability of 0.80 (Henry, 2001).

Inhibition

The “Verbal Inhibition, Motor Inhibition” test (VIMI; Henry
et al., 2012) was used. This task had two types of response:
to copy the Experimenter; or to inhibit copying and produce
an alternative response. For part A of the verbal task, the
Experimenter said either “doll” or “car” and the participant was
asked to repeat the same word (block 1). Next, in block 2, the
child was expected to inhibit repeating the response: “If I say
doll, you say car; and if I say car, you say doll.” Next there was
a second “copy” block and a second “inhibit” block. Each of
the four blocks had 20 trials. This entire sequence was repeated
in part B, with new stimuli (“bus” and “drum”). In the non-
verbal motor task the same format was followed, but words
were replaced with hand actions. For part A, the action was a
pointing finger versus a fist; for part B the action was a flat
horizontal hand versus a flat vertical hand. The total number
of errors made across parts A and B on each task was used as
the measure of inhibition and was expressed as a negative score.
Cronbach’s alpha, based on total error scores from parts A and
B was 0.915 for the non-verbal task, and 0.727 for the verbal
task.

Switching

It was difficult to obtain simple and comparable measures of
switching that were in the verbal versus visuospatial domains,
the two selected were the verbal trail making task (D-KEFS; Delis
etal., 2001) and the non-verbal Intra/Extra Dimensional Set Shift
test (Cambridge Neuropsychological Test Automated Battery;
Cambridge Cognition, 2006). The Trail Making Task requires
continual switching between two classes of item (easily nameable
numbers and letters), whereas the Intra/Extra Dimensional Shift
test required children to learn a rule to guide responding and then
switch to another rule unpredictably, and this task concerned
stimuli that were not easily nameable. These are not identical
tasks, but they both required children to switch between response
sets and also required them to be flexible when responding. These
tasks (and other similar versions of them) have been commonly
used in previous literature to assess switching in both children
and adults so have considerable face validity for measuring this
construct.

In the Trail Making Test children joined small circles
containing letters and numbers alternately, in sequence (1-
A-2-B-3-C through 16-P). Four control conditions assessed
component skills. The most relevant were: number sequencing
(connecting numbers 1-16); and letter sequencing (connecting
letters A-P). “Switching cost” was the total time taken for
combined letter/number switching, minus the sum of the time
taken for the number and letter sequencing component skills.
These scores were multiplied by —1 so that as the scores
increased from negative to positive this represented increasing
switching ability. The letter sequencing and the number

Frontiers in Psychology | www.frontiersin.org

July 2018 | Volume 9 | Article 1179


https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Messer et al.

The Factor Structure of Executive Functioning in Children

sequencing tasks were terminated after 150 s; the number-
letter switching task was terminated after 240 s. Test-retest
reliabilities for measures contributing to “switching cost” are
reported as: number sequencing (0.77), letter sequencing (0.57);
letter/number switching (0.20; Delis et al., 2001). Reliability for
switching measures can be low, given they are difference scores;
consequently, somewhat lower reliabilities are likely in this area
(Henry and Bettenay, 2010).

For the intra/extra dimensional set shift task, initially, two
colored stimuli were presented on a screen, and by touching
one, the child could learn a rule from feedback about which was
“correct.” Later, a second dimension, an irrelevant white line,
was introduced. This introduced new stimuli, yet the child still
needed to respond to the shape stimuli. The complex stimuli
were later changed and the child had to switch attention to the
previously irrelevant dimension to obtain “correct” responses
(“extradimensional” shift). Total error scores were used (test—
retest reliability reported as 0.40; Cambridge Cognition, 2006)
and the scores were multiplied by —1 so that as the scores became
less negative this represented increasing switching ability.

Fluency

Verbal fluency (D-KEFS; Delis et al., 2001) involved several
versions of a similar task. In all tasks, the children were asked to
say as many words as possible in 1 min according to a criterion.
“Letter fluency” involved the letters F, A, and S; “category
fluency” concerned the semantic categories of “animals” and
“boys” names’. Verbal fluency was the total raw score from all five
tasks.

Non-verbal fluency (Design Fluency, D-KEFS) involved a
response booklet containing patterns of dots in boxes. The
children were asked to draw as many different designs as possible
in 1 min, each in a different box, by connecting dots with four
straight lines (with no line drawn in isolation). Condition 1
consisted of only filled dots; Condition 2 consisted of arrays of
filled and empty dots and the child connected only empty dots.
Design fluency was the total raw score from these two conditions.
Test-retest reliabilities are reported as: letter (0.67); category
(0.70); filled dots (0.66); empty dots (0.43) (Delis et al., 2001).

Planning

The Sorting Test (D-KEFS) assessed verbal and non-verbal
planning. Children sorted sets of six cards into two groups of
three, in as many different ways as they could. There were
three possible “verbal” sorts (e.g., transport/animals; things
that fly/thing that move along the ground); and five possible
“perceptual” sorts (e.g., small/large; straight/curved edges). Total
numbers of correct verbal or perceptual sorts were used as the
measures of verbal or non-verbal planning, respectively (test-
retest reliability reported as 0.49; Delis et al., 2001).

RESULTS

The mean scores on the ten EF assessments are shown in
Table 1. Bivariate correlations between the assessments are given
in Table 2 and show moderate correlations between variables,
with no correlations above 0.50.

To ensure comparability of data from the two samples,
z-scores were calculated for each measure; this was done
separately for each of the two samples and then the data were
combined. This ensured that any differences due to sampling
would be minimized. Examination of skewness and kurtosis was
carried out, using a critical value for medium sized samples
of 3.29 (Kim, 2013). The skewness and kurtosis of all the
variables was acceptable except for the skewness of verbal
working memory and verbal inhibition, and the kurtosis of
verbal working memory. Inspection of the relevant graphs was
carried out and they appeared acceptable given that univariate
assumption of normality is not always considered as critical to
factor analysis. Checks were made on univariate outliers and
there were no extreme scores according to SPSS box plots.
Mahalanobis distance was also checked and there was only one
instance of a multivariate outlier, removal of this case did not
influence the analyses.

Exploratory factor analysis (Principal Axis Factoring in SPSS)
was used rather than CFA, as previous theory and research has
produced different models of EF structures and we were limited
to two variables for each construct. For the EFA analyses, Oblique
rotation (oblimax) was employed, as it was thought that EF
factors could be related to one another as suggested by the idea
of unity and diversity (Miyake and Friedman, 2012). To check
whether a different method of extraction and rotation resulted
in different factors, principal components analyses (PCA) with
orthogonal rotation (varimax) were also conducted. PCA is
usually recommended for the derivation of scores rather than
the investigation of factor structure, and varimax rotation is
usually regarded as maximizing the spread of loadings within
factors (Field, 2009). Consequently, the main interest was in

TABLE 1 | Mean and standard deviations of the EF assessments.

Task Task Mean (SD) Raw Min to Max
score

EWM

Verbal Listening span 13.92 (3.43) 5to27
(WMTB-C)

Non-verbal QOdd-one-out 9.98 (3.16) 41017

Fluency

Verbal Verbal fluency (D-KEFS) 59.51 (14.25) 29 to 102

Non-verbal Design fluency 14.76 (4.65) 4t0 27
(D-KEFS)

Planning

Verbal Sorting task (D-KEFS) 2.50 (1.12) Otob

Non-verbal Sorting task (D-KEFS) 5.56 (2.15) Oto9

Inhibition

Verbal VIMI test* —8.24 (5.51) —23t00

Non-verbal VIMI test* —23.63 (12.28) —59 10 —5

Switching

Verbal Trail making test —28.02 (32.32) —132 to 60
(D-KEFS)

Non-verbal Intra/Extra dimensional —26.57 (11.22) —5510 —8
shift (CANTAB)

*Verbal Inhibition, Motor Inhibition Test.
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TABLE 2 | Bivariate correlations between EF assessments.

EWM EWM Fluency Fluency Plan Plan Inhib Inhib Switch
Verbal Non-verbal verbal verbal verbal Non-verbal verbal Non-verbal verbal

EWM

Non-verbal 0.44

Fluency

Verbal 0.52 0.33

Non-verbal 0.30 0.31 0.44

Planning

Verbal 0.24 0.18 0.27 0.33

Non-verbal 0.31 0.20 0.30 0.29 —0.10

Inhibition

Verbal 0.12 0.25 0.09 0.04 —0.03 0.19

Non-verbal 0.14 0.32 0.05 0.10 —0.05 0.11 0.42

Switching

Verbal 0.30 0.23 0.18 0.19 —-0.12 0.22 0.16 0.07

Non-verbal 0.26 0.19 0.36 0.11 0.05 0.32 0.20 0.10 0.17

the findings from the EFA, with the PCA analysis being used
to check that a different form of analysis produced similar
findings.

For the first analysis on the six core EF variables (i.e.,
EWM, inhibition, and switching), Bartlett’s Test of Sphericity
was significant at p < 0.001 (95.67, df 15). The Kaiser-Meyer-
Olkin statistic of sampling accuracy was 0.66, which is acceptable
according to Tabachnick and Fidell (2013). Even so, caution
should be exercised when interpreting the findings about the
separation of variables into factors. The measures of sampling
adequacy of the variables from the diagonals of the anti-image
correlation matrix were all above 0.6 (for switching 0.74 and for
the remaining variables between 0.61 and 0.68), and therefore
were adequate (Field, 2009).

Two factors were identified by the analysis. The eigenvalues
for the first three factors were: 2.1, 1.1, and 0.9 showing a
reasonable separation between factors 2 and 3 which supports
the choice of factors with eigenvalues above 1. The first two
factors accounted for 54.86% of the variance. Table 3 displays
the pattern matrix (i.e., rotated) which provides information
about the regression coefficients for each variable. Coefficients

TABLE 3 | Pattern matrix for exploratory factor analyses (EFA; oblique rotation)
and principal components analyses (PCA; varimax) on assessments of EWM,
switching, and inhibition.

EFA PCA

Factor 1 Factor 2 Component 1 Component 2
EWM
Verbal 0.86 0.80
Non-verbal 0.49 0.66 0.41
Switching
Verbal 0.40 0.60
Non-verbal 0.32 0.54
Inhibition
Verbal 0.60 0.85
Non-verbal 0.70 0.80

or loadings above 0.30 are displayed in this and the other table.
The findings in the pattern matrix indicates that the first factor
had the most important contribution from verbal EWM, and
included non-verbal EWM as well as smaller contributions from
the two switching variables. The second factor contained the two
inhibition variables. This suggests the presence of two factors,
one which primarily involved EWM and switching, and a second
factor than involved inhibition. The organization of the variables
into factors showed no evidence of a separation into verbal and
non-verbal variables. The findings from the PCA analysis are also
provided in Table 3. The major differences between the EFA and
the PCA involve higher loadings from the PCA, which is often
the case. Furthermore in the PCA, non-verbal working memory
was identified with a loading of above 0.30 on the second factor
involving inhibition.

For the analyses on the 10 EF variables (i.e., including verbal
and non-verbal fluency and planning in addition to the six core
EF variables) different structures were produced for the initial
EFA and PCA analyses. These differences were only present when
the verbal planning variable was entered into the analyses of
the ten variables. There were other problematic issues with this
variable. Verbal planning had the most limited range of scores of
any variable and had the lowest measure of sampling adequacy in
the anti-image correlation table. In addition, non-verbal planning
which involved a very similar task, but with a greater range of
scores, did not have the same problems. Consequently, it was
decided to remove verbal planning from the analyses.

In the analyses of the nine EF variables (Table 4), the Kaiser-
Meyer-OlKkin statistic was acceptable (0.74) as was Bartlett’s test of
sphericity (208.85, p < 0.001, df 36). The measures of sampling
adequacy figures also were acceptable, as all were above 0.62
(verbal and non-verbal inhibition 0.62-69; verbal switching was
0.82, and the remaining variables were between 0.70 and 0.79).
In the analysis using EFA with oblique rotation, two factors were
identified and the eigenvalues for the first three factors were: 2.9,
1.4, and 1.0 showing a reasonable separation between factors 2
and 3. The first two factors accounted for 47.56% of the variance
in total, 32.45 and 15.11%, respectively.
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TABLE 4 | Pattern matrix for exploratory factor analyses (EFA; oblique rotation)
and principal components analyses (PCA; varimax) on assessments of EWM,
switching, inhibition, fluency, and non-verbal planning.

EFA PCA

Factor 1 Factor 2 Component 1 Component 2
EWM
Verbal 0.69 0.74
Non-verbal 0.46 0.53 0.43
Switching
Verbal 0.34 0.45
Non-verbal 0.40 0.50
Fluency
Verbal 0.80 0.79
Non-verbal 0.54 0.65
Planning
Non-verbal 0.47 0.58
Inhibition
Verbal 0.66 0.81
Non-verbal 0.64 0.82

The pattern matrix reported in Table 4 shows that the majority
of the variables contributed to the first factor, with the most
important contributions from verbal fluency and verbal EWM.
The second factor was made up of verbal and non-verbal
inhibition. The findings did not show an obvious separation of
variables according to whether or not they involved verbal or
non-verbal EF tasks.

A further analysis on the same variables conducted using PCA
with varimax rotation is also reported in Table 4. The findings
were similar to the EFA in that all the variables except for verbal
and non-verbal inhibition loaded on the first factor, the most
notable difference to the EFA analysis was that verbal working
memory had a low loading on factor 2. Again, verbal working
memory and verbal fluency made the largest contributions to
component 1.

DISCUSSION

The Structure of EF in Primary School
Aged Children

Exploratory factor analyses and PCAs were conducted on data
concerning verbal and non-verbal assessments of EF obtained
from 128 typically developing children aged between 6 and
12 years. The findings from an EFA involving the core EF tasks of
EWM, inhibition, and switching identified two factors. The first
factor had contributions from all the four EWM and switching
variables, and the second factor consisted of verbal and non-
verbal inhibition. A PCA produced similar findings, although in
this case there was evidence from the component loadings of
weak links between non-verbal EWM and inhibition.

Further analyses were conducted with the inclusion of verbal
and non-verbal, planning and fluency. The initial analyses
indicated that the inclusion of verbal planning resulted in
different structures in EFA and PCAs. Because these two sets of

analyses are usually expected to produce similar findings, and
verbal planning had poor psychometric properties, it was decided
to remove the verbal planning variable from subsequent analyses.
Further EFA on the nine remaining EF variables resulted in a two-
factor solution. The first factor had contributions from verbal
and non-verbal EWM, verbal and non-verbal switching, verbal
and non-verbal fluency, and non-verbal planning. The second
factor was made up of verbal and non-verbal inhibition. The
PCA produced similar findings, and again there was a weak
contribution from non-verbal EWM to the inhibition factor.
Consequently, the additional fluency and planning variables
loaded onto the first factor/component in both analyses, which
appeared to involve a general EF ability. It was notable that both
verbal EWM and verbal fluency had the highest loadings on this
factor.

The analyses on the nine variables using different forms of
data reduction produced very similar outcomes, however, it
needs to be acknowledged that this only occurred after excluding
verbal planning from the analyses. This variable had a low
range of scores and a low measure of statistical adequacy, which
provided a justification for its removal. In addition, non-verbal
planning which involved very similar activities, but had a greater
range of scores, did not have the same problems. Consequently,
although there are advantages of the D-KEFS assessment of verbal
planning, as it seems less affected by the task impurity problems
associated with Tower tasks, it may have disadvantages when
used with children between 6 and 12 years. Future research
might consider alternative assessments of verbal planning with
better psychometric properties and less restricted variance. More
generally, it also would be desirable to have a greater number of
assessments for each construct and a larger sample size than in
this investigation.

Thus, the current analyses provided support for an inhibition
factor and a general EF factor involving EWM, switching, fluency,
and planning. The findings are consistent with previous research
in children between 6 and 12 years as more than one EF
factor was identified. However, previous research has largely
considered only three EF components, namely EWM, switching,
and inhibition. A novel contribution of the current study is that
adding measures of planning (non-verbal) and fluency (verbal
and non-verbal) resulted in the same two-factor structure, with
the additional measures loading largely on a general EF factor. In
relation to these findings, it is worth noting that factor analysis
is less effective than structural equation modeling with a larger
sample in identify whether planning, as has been previously
discussed (Diamond, 2013), is a higher order EF structure.

Explanations for Different EF Structures

One general issue in relation to our findings concerns the
reasons why two-factor solutions should be the most common
description of the organization of EF between 6 and 12 years. Part
of the answer is likely to be that the period between 6 and 12 years
represents a progression from the one-factor solutions that are
reported at younger ages (Wiebe et al., 2008, 2011; Hughes et al.,
2010) before reaching the more complex three-factor solutions
identified in adulthood (Miyake and Friedman, 2012). The one-
factor solutions reported in pre-school children suggest that
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individual differences in EF abilities are similar across all aspects
of EF. This may be the result of a set of general problem-solving
abilities, such as core components relating to self-control or self-
regulation (e.g., Miyake and Friedman, 2012), attentional abilities
(Garon et al., 2008) or processing speed (Gooch et al., 2016)
influencing performance across a wide range of EF tasks, with the
result being consistent individual differences across the different
EF tasks.

The commonly reported finding of a two-factor EF structure
during the primary school years has been replicated here,
and suggests that during this age range more specialist
and differentiated mental capacities are available. In terms
of individual differences, this implies that some children
become good at one aspect of EF while other children
become good at another. However, this development should
not result in the variability we see in factor structures
across different investigations. For example, in previous
research, there is more evidence for a separation into
abilities which are relevant to updating/EWM on the one
hand, and inhibition-switching abilities on the other, as
suggested by Lee et al. (2013). Nevertheless, there are also
reports of a separation into abilities relevant to inhibition
versus EWM-switching abilities, as suggested by St Clair-
Thompson and Gathercole (2006), mirroring the findings of our
analyses.

It is possible that the different factor structures in the 6-
12 years age range are a product of task impurity (Miyake
et al., 2000). It is generally agreed that task impurities result in
performance on assessments being driven by several different
EF abilities and potentially other non-EF abilities (Friedman
et al., 2008). Across different investigations, task impurity could
mean that even different tasks believed to assess the same EF
component may have different relationships with other EF tasks.
CFA analysis with the use of latent variables helps to avoid this
type of problem (Miyake and Friedman, 2012), but even here
the latent variable will be dependent on which tasks have been
chosen to represent it. Consequently, if different investigations
use different tasks to assess each of the three EF components,
this is likely to result in different factor structures across the
investigations. It is possible that a larger number of tasks to assess
each component of EF ability and a larger number of children
would result in greater consistency, but ethical and practical
constraints on testing time and participant numbers make it
extremely difficult to achieve this.

Not only is task impurity an issue, but a related problem is
that there is variation between investigations about which tasks
assess the most relevant characteristics of an EF component. For
example, a range of tasks have been used to provide indicators of
inhibition ability, and the use of very similar inhibition tasks is
likely to result in a more coherent and stronger underlying factor
or latent variable. In our study the two assessments of inhibition
had very similar task demands and inhibition was identified as
a separate factor. In contrast, Huizinga et al. (2006) could not
identify a common factor from the three different assessments
of inhibition that they used (specifically, stop signal, flanker, and
stroop). These issues about the choice of variables that are entered
into a factor analysis may be as important as some of the statistical

considerations in determining the factor structure, but it is much
more difficult to specify what is best practice.

A further reason for different factor structures across
investigations is that our conceptualization of the identity of the
different forms of EF ability in the 6-12 age range needs to be
further refined. Much of the thinking about the components of
EF appears to be task-based and this is a sensible initial approach.
However, we may need to consider potential neurocognitive
processes that give rise to different EF abilities (Anderson,
2002), and so take a more brain-orientated and cognitive-based
approach to the abilities underlying EF. This could involve
investigating the brain structures which are activated during
different EF tasks and using this as a basis to help identify those
areas which are common to different EF processes.

Language and EF Abilities

If we had found that verbal and non-verbal EF tasks loaded
on different factors, this would have provided strong support
for the idea that verbal ability has an influence on verbal EF
tasks. However, the factors that were identified contained a mix
of verbal and non-verbal variables. Consequently, the findings
from this study failed to provide support for the argument that
language ability directly affects verbal EF abilities at the task
performance level (Bishop et al., 2014).

Although, these findings are consistent with the idea that
language ability is not an important influence on EF performance,
our evidence in support of this position is limited in nature,
especially as there is a range of sources of evidence that should
be used to address this complex question (Botting et al., 2016).
In other words, our data are not able to provide clear support
for the idea that language does not influence EF abilities. This
is because the evidence is cross-sectional, correlational in nature
and consists of the absence of a positive effect. Further, we
acknowledge that the relationship between language and EF
abilities is complicated by the fact that verbal abilities are relevant
to non-verbal tasks in order to understand instructions, and for
the operation of inner speech which could be utilized during EF
tasks; it also might be that some non-verbal processes have an
influence on verbal tasks (e.g., certain forms of inhibition). Thus,
the current findings do not provide definitive evidence about
the relationship between EF and language. Rather, they provide
support for the idea that concurrent language ability does not
differentially affect performance on tasks selected to assess verbal
and non-verbal EF.

Summary

Our findings support previous research concerning two-
factor structures of EF in the primary school years, and
suggest that planning and fluency contribute to a general
EF factor. However, the current findings and those from
previous investigations about the composition of the factors
suggest that future research should keep in mind important
methodological considerations relating to EF measures, and
that task influences may be as important as individual
differences in determining factor structures. Our findings did
not provide evidence of separable verbal and non-verbal factors,
and consequently failed to provide support for an effect
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of language ability on EF. Finally, research and theorizing could
benefit from a greater focus on basic neurocognitive operations
that underlie performance on EF tasks, to more fully understand
the developmental, clinical, and educational implications of
differentiation in EF with age.
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Understanding the neuroanatomical correlates of individual differences in executive
function (EF) is integral to a complete characterization of the neural systems supporting
cognition. While studies have investigated EF-neuroanatomy relationships in adults,
these studies often include samples with wide variation in age, which may mask
relationships between neuroanatomy and EF specific to certain neurodevelopmental
time points, and such studies often use unreliable single task measures of EF. Here
we address both issues. First, we focused on a specific age at which the majority
of neurodevelopmental changes are complete but at which age-related atrophy is
not likely (N = 251; mean age of 28.71 years, SD = 0.57). Second, we assessed
EF through multiple tasks, deriving three factors scores guided by the unity/diversity
model of EF, which posits a common EF factor that influences all EF tasks, as well
as an updating-specific and shifting-specific factor. We found that better common
EF was associated with greater volume and surface area of regions in right middle
frontal gyrus/frontal pole, right inferior temporal gyrus, as well as fractional anisotropy in
portions of the right superior longitudinal fasciculus (fSLF) and the left anterior thalamic
radiation. Better updating-specific ability was associated with greater cortical thickness
of a cluster in left cuneus/precuneus, and reduced cortical thickness in regions of right
superior frontal gyrus and right middle/superior temporal gyrus, but no aspects of white
matter diffusion. In contrast, better shifting-specific ability was not associated with gray
matter characteristics, but rather was associated with increased mean diffusivity and
reduced radial diffusivity throughout much of the brain and reduced axial diffusivity in
distinct clusters of the left superior longitudinal fasciculus, the corpus callosum, and
the right optic radiation. These results demonstrate that associations between individual
differences in EF ability and regional neuroanatomical properties occur not only within
classic brain networks thought to support EF, but also in a variety of other regions
and white matter tracts. These relationships appear to differ from observations made
in emerging adults (Smolker et al., 2015), which might indicate that the brain systems
associated with EF continue to experience behaviorally relevant maturational process
beyond the early 20s.

Keywords: executive control, neuroanatomy, individual differences, structural MRI, diffusion tensor imaging
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INTRODUCTION

Executive function (EF) is a set of domain-general cognitive
control mechanisms supporting goal-directed behaviors (Banich,
2009). Lesion and functional neuroimaging studies have
identified the prefrontal cortex (PFC) as being critically involved
in supporting EF processes (for a review, see Alvarez and Emory,
2006), likely regulating behavior by biasing neuronal dynamics
in more posterior brain regions supporting sensory processing,
motor execution, and emotion, among other domains (Miller
and Cohen, 2001; Banich, 2009; Depue et al., 2016). Specifically,
functional magnetic resonance imaging (fMRI) studies evaluating
the neural substrates associated with distinct EF dimensions have
implicated regions of lateral PFC (Duncan and Owen, 2000;
Wager and Smith, 2003; Collette et al., 2005; Petrides, 2005;
Banich, 2009) and medial PFC (Wager et al., 2004; Derrfuss
et al., 2005) in supporting discrete EF constructs analogous to
those evaluated in the current study. Nonetheless, it remains
unclear whether individual differences in EF abilities in healthy
individuals who do not suffer from neurological insult are
associated with neuroanatomical characteristics of these same
PFEC brain regions. An alternative possibility, which we explore
in the current study, is that higher levels of EF are associated with
regions outside of the PFC, and potentially even outside of the
fronto-parietal network (FPN). Such findings would suggest that
higher levels of EF are characterized by the potential for larger
participation and/or distribution of processing across the brain.

In the current study, we focus on neuroanatomical correlates
of EF derived from structural MRI (sMRI) including surface
based morphometry (SBM) and diffusion-tensor imaging (DTT).
Unlike fMRI, which is fleeting and susceptible to confounding
factors such as fatigue (Peltier et al., 2005; Cook et al., 2007),
stimulus exposure (Grill-Spector et al., 2006), and mood (Posse
et al., 2003), sMRI provides relatively stable metrics of brain
organization that may change with development, but do not
fluctuate on a day-to-day or moment-to-moment basis, as fMRI
may. Of particular interest is the degree to which individual
differences in neuroanatomy - specifically gray matter volume,
thickness, surface area, and local gyrification, as well as white
matter diffusion properties, including fractional anisotropy,
mean diffusivity, axial diffusivity, and radial diffusivity, are
associated with individual differences in EF ability.

To date, research into the neuroanatomical correlates
of EF abilities have largely implicated regions within the
FPN, specifically the PFC, as being central to EF task
performance (Gunning-Dixon and Raz, 2003; Van Petten et al.,
2004; Zimmerman et al, 2006; Vasic et al., 2008; Depue
et al., 2010; Salthouse, 2011; Yuan and Raz, 2014; Bettcher
et al., 2016). However, most research on associations between
neuroanatomy and individual differences in EF in healthy adults
have had two characteristics that make drawing conclusions
somewhat difficult. First, much of the existing research on the
neuroanatomical correlates of EF fail to differentiate between EF
and non-EF processes that contribute to task performance on any
given EF task, and thus suffer from the “task impurity problem”
(Miyake et al., 2000). Second, many studies have employed
samples that span a wide range of ages (Zimmerman et al., 20065

Newman et al, 2007), including individuals for whom the
brain is continuing to develop (i.e., individuals in their teens
and early 20s) as well as individuals for which atrophy may
have already commenced, such as those middle-aged and
beyond (Zimmerman et al., 2006; Newman et al., 2007). The
current study addresses both of these issues. We characterize
each individual's EF performance across a battery of tasks,
allowing us to compute EF factor scores that provide a measure
of an individual’s EF abilities less contaminated by specific
requirements for any given task. In particular, we derive three
EF factors dimensions as posited by the unity/diversity model
of EF, a well validated individual differences model of EF
(Friedman et al., 2008; Miyake and Friedman, 2012; Friedman
and Miyake, 2017). The association of these factor scores with
neuroanatomical characteristics of the brain are then investigated
in a developmentally homogenous sample of adults (all within a
year of 29 years of age), following up on our prior investigations
with an emerging adult (i.e., college-aged) sample (Smolker et al.,
2015). We discuss each of these issues in turn.

A major challenge to a clear understanding of the relationship
between individual differences in EF and brain anatomy is
that there is very little agreement across studies as to the best
models and methodologies to characterize EF. One issue is
that performance on any given EF task likely taps both EF
and non-EF processes (Denckla, 1996; Rabbitt, 1997; Miyake
et al., 2000), such as speed of processing, visual acuity, amongst
others. To reduce this “task impurity problem,” EF researchers
have used latent variables or composites of performance across
tasks that tap the same EF, each of which require different
non-EF processes (Miyake et al, 2000). While these factor
analytic methodologies have been frequently employed in general
research on EF, such methodologies have been scarcely employed
in trying to understand the neuroanatomical correlates of discrete
EF constructs. Although researchers have tested models of EF that
posit multiple EF constructs (Robbins, 1996; Stuss and Alexander,
2007; Stuss, 2011), studies evaluating the neuroanatomical
correlates of EF have rarely measured individual differences
on EF constructs through factor analyses across multiple,
reliable EF tasks. As such, different studies are investigating
different “slices” of EF, making it difficult to interpret across
studies (i.e., whether results are not replicating, or whether
individual differences in distinct aspects of EF are associated
with distinct neuroanatomical substrates). In past (Smolker
et al., 2015), present, and future studies, our research team is
attempting to conduct a series of studies examining the linkage
between individual differences in EF and that employs consistent
methodologies so as to allow for meaningful comparisons across
samples, such as those in different age segments across the
lifespan.

An abundance of evidence suggests that there are multiple
separable constructs at the core of EF ability (Alvarez and
Emory, 2006; Stuss and Alexander, 2007; Friedman and Miyake,
2017). Although EF has been operationalized under a number of
frameworks (Baddeley, 1996; Miyake et al., 2000; Banich, 2009),
the unity/diversity model of EF has emerged as a powerful model
for interrogating the mechanistic structure of EF in the context
of individual differences (Friedman and Miyake, 2017). With
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confirmatory factor analysis, the unity/diversity model partitions
performance on multiple EF tasks into separable EF dimensions,
and also reduces measurement error, providing a more accurate
estimate of an individual’s underlying EF abilities (Miyake et al.,
2000). Specifically, the model captures the correlations among
response inhibition, working memory updating, and mental
set shifting tasks with three orthogonal factors: a common
factor that is involved in all EF tasks, known as common
EE as well as two separable and more specific factors, known
as shifting-specific EF and updating-specific EF, respectively.
Common EF captures variance in performance that is shared
between EF tasks, and has been conceptualized as an ability
to maintain a task set or goals. Shifting-specific and updating-
specific represent residual covariance among mental set shifting
tasks and working memory updating tasks, respectively, after
variance due to common EF has been removed. Shifting-specific
is thought to reflect the speed with which no-longer-relevant
goals can be cleared from working memory, while updating-
specific is thought to reflect the accuracy of working memory
gating and possibly retrieval processes (Miyake and Friedman,
2012; Friedman and Miyake, 2017). There is no inhibition-
specific factor, because once the common EF factor is in the
model, there are no remaining correlations among the inhibition
tasks; that is, common EF captures all the individual differences in
response inhibition (see Friedman and Miyake, 2017, for further
discussion).

Studies with adult samples spanning wide age ranges or with
clinical populations generally demonstrate that impairment in
EF abilities is associated with reductions in neuroanatomical
properties within regions of the FPN, including measures of
gray matter morphometry and diffusion characteristics of white
matter. Of note, however, not only do such studies generally
fail to use specific models of individual differences in EF
like the unity/diversity model, many of the studies that have
investigated the relationship between level of EF ability and
neuroanatomy have done so in the elderly (Gunning-Dixon
and Raz, 2003; Van Petten et al., 2004; Kramer et al., 2007;
Salthouse, 2011; Bettcher et al., 2016) or across a wide expanse
of age, ranging from the teens to 60s or 70s (Zimmerman
et al, 2006; Newman et al, 2007). Recent research suggests
that the late teens and early 20s are an especially active times
in brain development (Gogtay et al., 2004), a developmental
time period that some have referred to as “emerging adulthood”
(e.g., Arnett, 2000). It is becoming increasingly clear that
during this time period, aspects of brain morphology and white
matter diffusion continue to develop (Sowell et al., 2001, 2003;
Mukherjee et al., 2002; Asato et al., 2010), with levels of multiple
neuroanatomical properties not reaching stability until around
30 years of age, if not older (Sowell et al., 2003; Westlye et al.,
2009). Conversely, aspects of brain atrophy can start to be
observed (Rusinek et al., 2003; Salthouse, 2011; Bettcher et al.,
2016) in the 60s and 70s. As such, employing samples that are
heterogeneous for age and/or developmental status may obscure
informative brain-behavior relationships that are only present
during specific developmental periods. This presents a challenge
to traditional practices used to investigate individual differences,
in which maximum between-subject variability in dependent

and independent variables is desirable. Whereas many studies
of individual differences attempt to increase between-subject
variance to have a better chance at detecting an effect, in the
current study, we sought to minimize between-subject variance
attributable to age.

Studies that have examined the relationship between
neuroanatomical structure and individuals suffering from
psychopathology (Szeszko et al, 2000; Pantelis et al., 2002;
Makris et al., 2006; Riisch et al., 2007; Watari et al., 2008; Keller
et al., 2009; Depue et al., 2010) also provide limited information
regarding individual differences in EF and brain structure in the
neurologically normal brain, as these are populations in whom
brain structure is likely altered. Findings within neurologically
normal individuals regarding the relationship of individual
differences in EF and brain neuroanatomy have been highly
inconsistent. Whereas some studies report positive correlations
between level of EF and aspects of brain neuroanatomy (i.e.,
better EF associated with greater neuroanatomy; Ettinger
et al., 2005; Newman et al.,, 2007; Elderkin-Thompson et al.,
2008; Gautam et al., 2011), others report negative (Gautam
et al., 2009, 2011; Tamnes et al., 2010; Smolker et al., 2015)
relationships across the brain (i.e., better EF associated with
reduced neuroanatomy). As such, the degree to which the
neuroanatomy of PFC regions predicts levels of EF in non-aging
or non-clinical populations remains to be seen. To address this,
we focus our investigation on individuals in a relatively limited
but developmentally stable time frame of what we refer to young
adulthood, around the age of 30.

A very limited number of studies have examined the
neuroanatomical correlates of EF from the perspective of the
unity/diversity model, employing factor analyses across multiple
tasks, in neurologically normal populations. These investigations
have been limited so far to a sample of children and adolescents
(Tamnes et al, 2010), as well as emerging adults (Smolker
et al, 2015). None have done so in a population in whom
most major neurodevelopmental processes are complete. Tamnes
et al. (2010) found that, across childhood and adolescence,
improved performance on tasks tapping three correlated EF
dimensions (response inhibition, working memory updating,
and set shifting), was associated with reductions in cortical
thickness across a number of brain regions. Specifically, better
performance on the antisaccade task, a proxy for common
EF, was associated reductions in cortical thickness of bilateral
occipital lobe. Better performance on the keep track task, a
proxy for updating (which contains variance related to common
EF and updating-specific), was associated with reductions in
cortical thickness of a portion of left dIPFC, extending back into
bilateral postcentral gyrus (Tamnes et al., 2010). Finally, better
performance on the plus-minus task, a proxy for shifting-shifting
(which contains variance related to common EF and shifting-
specific), was associated with reductions in cortical thickness of
left precentral gyrus. Of these regions, only the dIPFC region
associated with updating is considered part of the FPN (for a
characterization of the FPN, see Yeo et al,, 2011), suggesting that
individual differences in EFs are associated with neuroanatomy
both within and outside of the FPN, at least in childhood and
adolescence.
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Similarly, our research group found that each of the
different dimensions of the unity/diversity model were associated
with different aspects of brain neuroanatomy in a sample
of emerging adults tightly centered around college age and
somewhat overlapping in age with Tamnes and colleagues’
sample (Smolker et al., 2015). Specifically, we found that less
regional gray matter volume and local gyrification within the
PFC, as well as increased fractional anisotropy of white matter
tracts (a measure of white matter integrity), connecting the
PFC to posterior brain regions, were associated with higher
EF ability. Specifically, better common EF was associated with
reduced volume and local gyrification of ventromedial PFC and
greater fractional anisotropy of the right superior longitudinal
fasciculus. Moreover, better updating-specific was associated
with decreased volume and gyrification of left dorsolateral
PFC (dIPFC), and better shifting-specific was associated with
reduced volume and local gyrification of the right ventrolateral
PFC and increased fractional anisotropy of the right inferior
fronto-occipital fasciculus. Of these results, as was the case
in Tamnes et al. (2010), the only association between EF
and regional neuroanatomy within the FPN was between
updating-specific and dIPFC neuroanatomy, in this case with
regards to volume and gyrification. The common EF and
shifting-specific associations, though observed within the PFC,
were not in regions commonly considered as being part of
the FPN.

Taken together, these two studies provide converging evidence
that, across childhood, adolescence, and early adulthood, (1) the
unity/diversity dimensions of EF (or related tasks/constructs) are
associated with neuroanatomy both within and outside of the
FPN, and (2) there might be heterogeneity across age groups
in the neuroanatomical regions associated with EF. However,
it is difficult to disentangle age effects from effects driven by
methodological differences between studies. On the one hand,
in both Tamnes et al’s (2010) child/adolescent and Smolker
et al’s (2015) emerging adult samples, updating performance
was negatively correlated with dIPFC neuroanatomy. On the
other hand, the regions associated with common EF and set
shifting appeared to differ between age groups. An additional
commonality between the results of Tamnes et al. (2010) and
our research group (Smolker et al., 2015) is that reduced gray
matter morphometry was associated with better EF performance.
While at first glance this finding may seem counterintuitive,
the brain is undergoing significant pruning during these ages,
through which superfluous neurons are culled and the brain
undergoes regional gray matter shrinkage, resulting in increased
neural efficiency (Blakemore and Choudhury, 2006). Taken
together, these results paint a picture of childhood through
young adulthood in which better EF might be associated with
individual differences in pruning of specific brain regions,
with those individuals who have experienced greater pruning
(and thus reduced gray matter morphometry) having better
EF ability. At least in young adults, these negative associations
between gray matter morphometry and EFs coincide with
associations between white matter properties and EF, which may
partially mediate gray matter-EF relationships (Smolker et al.,
2015).

Given that the brain is likely still undergoing major
developmental changes during the age ranges examined in
both of the aforementioned samples, the negative correlations
between gray matter morphometry and the unity/diversity
dimensions may not be indicative of the relationships that
would be observed in young adults. Indeed, studies evaluating
neuroanatomical changes across the lifespan find that individuals
in their early 20s are still undergoing neuronal pruning and
axonal myelination, which may persist throughout much of
the 20s. These effects stabilize around 30 years of age, and
begin to change again around age 60, as individuals start
to experience age-related neurodegeneration (Sowell et al,
2003; Westlye et al, 2009). As such, negative correlations
between EF performance and gray matter morphometry during
adolescence/emerging adulthood may exist because individuals
with greater pruning are likely further along in typical
neurodevelopmental processes, resulting in a) better EF and b)
reduced gray matter morphometry. It remains unclear, however,
whether the same neuroanatomical properties that are associated
with EF during ages at which pruning and myelination is
ongoing will also be associated with EF in individuals for
which pruning and myelination has largely finished. This
uncertainty applies not only to the specific neuroanatomical
properties implicated between different age groups but also to the
regions implicated. For instance, it may be that neuroanatomical
properties of the PFC are particularly relevant to individual
differences in EF during development, but as individual’s
complete development, the variability in properties of the
PFC between subjects becomes minimal and properties of
the PFC are no longer relevant to individual differences in
EF. Instead, the specific neuroanatomical properties and brain
regions associated with EF may change across the lifespan, with
distinct neuroanatomical correlates of EF occurring at distinct
points in the lifespan.

Hence, in the present study, we focused on an age range
in which the vast majority of neurodevelopmental processes
associated with adolescence and emerging adulthood are likely
to be over, but one at which age-related cognitive decline
(and potential brain atrophy) are not likely yet to manifest.
In a sample whose age is tightly focused around 30, we
test for associations between individual differences in EFs
and regional brain neuroanatomy, including characteristics of
gray matter morphometry (volume, thickness, surface area,
and local gyrification index), as well as multiple measures of
white matter diffusion (fractional anisotropy, mean diffusivity,
radial diffusivity, axial diffusivity). In addition to testing for
gray matter morphometry and DTI measures on a whole-brain
basis, we also employed ROI analyses based on gray matter
regions and white matter tracts associated with EFs in emerging
adults (Smolker et al., 2015). Consistent with Smolker et al.
(2015), we expected that regions of gray matter and white
matter tracts associated with individual differences in EF will
not be restricted to the FPN, but will likely include other
prefrontal and posterior brain regions outside of the FPN. Due
to developmental differences between the current sample and the
sample employed in Smolker et al. (2015), we expect that the
direction of the relationship between measures of gray matter
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morphometry, DTI measures, and EF may differ and/or the
regions implicated as related to individual difference in EFs may
also be distinct.

MATERIALS AND METHODS

Participants

Participants were 251 individuals drawn from the larger Colorado
Longitudinal Twin Study (LTS) who were scanned when they
were mean age 28.71 years (SD = 0.57). Of these 251 individuals,
108 were monozygotic (MZ) (72 female), 88 were dizygotic (DZ)
same-gender (54 female), and 55 were singletons (28 female)
whose co-twins had not participated at the time of the analyses.
Written informed consent was obtained from all participants
prior to carrying out the experimental session. This study
was carried out in accordance with the recommendations of
University of Colorado Boulder Institutional Review Board with
written informed consent from all subjects. All subjects gave
written informed consent in accordance with the Declaration
of Helsinki. The protocol was approved by the University of
Colorado Boulder Institutional Review Board prior to data
collection. Structural images for neuroanatomical analyses were
collected as part of a larger protocol including fMRI scans during
tasks and at rest.

EF Measures

The three EF constructs posited by the unity/diversity model
of EF were assessed with six tasks previously shown to load
on these constructs (Friedman et al., 2016). These six tasks
were selected based on their factor loadings from prior waves
of assessment using nine EF tasks in this sample (Friedman
et al., 2016). The antisaccade, category-switch, and keep track
tasks were completed during an fMRI session immediately
following the T1 structural scan. Participants practiced these
tasks outside the scanner prior to the scanning session to
ensure they understood the tasks. They were reminded of the
instructions at the beginning of the scanner tasks. The Stroop,
letter memory, and number-letter tasks were completed as part of
alarger behavioral battery immediately after the scanning session.

Antisaccade [Adapted From Roberts et al. (1994)]

Antisaccade captures the ability to maintain and execute a
task set in the face of distracting information; specifically, it
requires inhibiting prepotent eye movements (Miyake et al,
2000). In the scanner version, participants completed 20 s blocks
of prosaccade, antisaccade, and rest (fixation) trials (12 blocks
of each across two runs; 5 trials per block for the prosaccade
and antisaccade blocks), each preceded by a jittered instruction
(TOWARD, AWAY, or FIXATION for 2, 4, or 6 s). On each trial,
after a jittered fixation lasting 1-3 s, a small visual cue flashed
on one side of the computer screen for 234 ms, followed by
a target (a digit from 0 to 9) that appeared for 150 ms before
being masked. The mask lasted 1650 ms, during which time the
participant vocalized the target. The cue and target appeared
on the same side of the screen during prosaccade trials and
opposite sides during antisaccade trials. Thus, to see the target

for long enough to identify the number in the antisaccade trials,
participants had to avoid the automatic tendency to saccade to the
cue and instead immediately look in the opposite direction. The
dependent measure was the proportion of correctly identified
targets on the 60 antisaccade trials.

Stroop [Adapted From Stroop (1935)]

Stroop captures the ability to maintain a task set in the face of
the distracting information, specifically, inhibiting the prepotent
tendency to read words. Participants verbally indicated the font
color (red, blue, or green) of text presented on a black screen
as quickly as possible, with reaction time (RT) measured via
a ms-accurate voice key. Trials were divided up into three
types: a block of 42 neutral trials consisting of asterisks (3-5
characters long) presented in one of three colors; a block of
42 congruent trials consisting of color words that matched the
font color (e.g., the word “RED” displayed in red font); and two
blocks of 42 trials each of incongruent trials consisting of color
words that did not match the font color (e.g., the word “RED”
displayed in blue ink). Each word disappeared as soon as the
voice key detected the response, and the next word appeared
after a 250 ms white fixation. The dependent measure was the
mean RT difference between correct incongruent and neutral
trials.

Keep Track [Adapted From Yntema (1963)]

Keep track captures the ability to maintain and update
information in working memory. On each trial in the scanner
version, participants were given 3 or 4 target categories (animals,
colors, countries, distances, metals, or relatives) that remained
on the screen throughout the trial. After viewing a serial
list of 16 words drawn from 6 categories (one word every
2 s), they saw a “???” prompt on the screen for 10 s, during
which they orally recalled the last exemplar of each target
category. Because each list contained 1-3 exemplars of each
category, they had to update which words to remember and
ignore words from irrelevant categories. In addition to these
“Remember” trials, the scanner version of the task included
baseline conditions of “Read” trials, in which participants just
silently read the words without trying to remember them, and
20 s rest (fixation) trials. Each trial type was preceded by a
jittered instruction (REMEMBER, READ, or FIXATION for 2,
4, or 6 s). There were three runs, each with 3 recall trials
(two with 4 words to recall and one with 3), 3 read trials,
and 3 rest trials. The behavioral dependent measure was the
proportion of the 33 words correctly recalled out of all remember
trials.

Letter Memory [Adapted From Morris and Jones
(1990)]

Letter memory captures the ability to maintain and update items
in working memory. In each trial, participants saw a series of
9, 11, or 13 consonants, with each letter appearing for 3 s, and
had to say aloud the last four letters, including the current letter.
The dependent measure was the proportion of 132 sets correctly
rehearsed (i.e., the last four letters reported in the correct order)
across 12 trials.
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Number-Letter [Adapted From Rogers and Monsell
(1995)]

Number-letter captures the ability to shift between mental sets.
In each trial of the scanner version, participants saw a box
sectioned into 4 quadrants. The borders of one quadrant were
darkened (i.e., cued) for 350 ms, then a number-letter or letter—
number pair (e.g., 4K) appeared inside until it was categorized.
The participant had to categorize the number (top 2 quadrants)
or letter (bottom 2 quadrants) as odd/even or consonant/vowel,
respectively, using two buttons on a button box. The stimuli
disappeared from the screen when categorized, and there was
a 350 ms response-to-cue interval. The trials were arranged in
blocks, and rest blocks (20 s) were intermixed with the task
blocks. Each block was preceded by a jittered instruction (TOP,
BOTTOM, MIXED, or FIXATION for 2, 4, or 6 s) that indicated
where the stimuli would appear for that block. In mixed blocks,
half the trials were repeat trials in which the task stayed the
same as the previous trial; the other trials required a switch
in categorization task. Each block consisted of 13 trials, with
the first trial not counted because it was neither switch nor
repeat. There were 2 runs, each containing 8 mixed blocks, 8
single-task blocks (4 each number and letter blocks), and rest
blocks. The behavioral dependent measure was the local switch
cost — the difference between average response times on correct
switch and no-switch trials within mixed blocks (96 trials of each

type).

Category-Switch [Adapted From Mayr
and Kliegl (2000)]

Category-switch captures the ability to shift between mental
sets. In each trial, participants categorized a word according to
animacy (i.e., living vs. non-living) or size (i.e., smaller or larger
than a soccer ball), depending on a cue (heart or crossed arrows,
respectively) that preceded the word by 350 ms and remained
above the word until the participant responded with one of
two buttons on a button box. The stimuli disappeared from
the screen when categorized, and there was a 350 ms response-
to-cue interval. A 200-ms buzz sounded for errors. The task
began with two single-task blocks of 32 trials each, in which
participants categorized words only by animacy then only by
size. Then participants completed two mixed blocks of 64 trials
each, in which half the trials required switching the categorization
criterion. The dependent measure was the local switch cost — the
difference between average response times on correct switch and
no-switch trials within mixed blocks (64 trials of each type).

T1 Structural Scan and DTI Procedure

All structural MRI data were acquired using a Siemens
3-Tesla. MAGNETOM Trio MRI scanner at the University
of Colorado Boulder. A 32-channel headcoil was used for
radiofrequency transmission and reception. Data pertaining
to gray matter structure was acquired via a TI1-weighted
Magnetization Prepared Gradient Echo sequence in 224 sagittal
slices, with a repetition time (TR) = 2400 ms, echo time
(TE) = 2.01 ms, flip angle = 8°, field of view (FoV) = 256 mm,
and voxel size of 0.8 mm?>. Diffusion-weighted data presented

in this paper was acquired via a set of three scans, all with
a multi-band acceleration factor of 3, capturing a total of 172
gradient directions. These scans each consisted of 72 slices, had
a TR = 4000 ms, TE = 112 ms, flip angle = 84°, FoV = 224 mm,
B = 3000 s/m? and voxel size of 2 mm?>, with the first and third
scans captured with a phase encoding direction of left to right,
and the second with a phase encoding direction of right to left.

Data Analysis
For table describing the analysis types, steps, associated tables,
and an example, see Supplementary Table SI.

EF Data

Scores on the six EF tasks were subjected to the same trimming
and transformation used in prior studies to improve normality
and reliability (Friedman et al., 2016). Specifically, RT tasks
underwent within-subject trimming (Wilcox and Keselman,
2003). Though the exact number of trials that were trimmed
differed between participants, on average, under 7% of trials
on the Stroop and under 10% of trials on the category switch
task were trimmed. Additionally, within the number-letter and
category-switch tasks, RTs following error trials were excluded,
as determining switch versus repeat trials is dependent on the
preceding trial. Following within-subject RT trimming, extreme
high and low scores at the between-subjects level (greater than
+3 SDs from the group mean) were replaced with the cutoff
value of 3 SDs above or below the mean, respectively, to
improve normality and reduce the impact of extreme scores while
maintaining these scores in the distribution. Fewer than 3% of
EF scores were adjusted by this transformation for any given
task. We have used this same criterion of 3 SDs in prior waves
of data collection with this twin sample (Friedman et al., 2016);
we selected this conservative criterion because, with this large
of a sample size, some cases within 3 SDs should be expected,
and such cases have less impact on both the standard deviation
of the distribution and on correlations, compared to what their
influence would be in a smaller sample.

Factor scores were extracted via a confirmatory factor analysis
in Mplus (Muthén and Muthén, 1998), with all six EF tasks
loading on common EF the keep track and letter memory
tasks loading on the orthogonal updating-specific factor, and
the number-letter and category-switch tasks loading on the
orthogonal shifting-specific factor (see Figure 1). The loadings
were equated (after scaling the measures to have similar
variances) within the updating-specific and shifting-specific
factors to identify these two-indicator factors. These EF factor
scores were then used as dependent measures for analyses of
interest, including surface-based morphometry and tract based
spatial statistics of diffusion data.

Surface-Based Morphometry

Surface-based morphometry (SBM) was carried out using
the Freesurfer analysis suite’. We chose SBM over voxel-
based techniques because SBM allows for the examination
of surface area and cortical thickness in addition to volume,

'https://surfer.nmr.mgh.harvard.edu/
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FIGURE 1 | Confirmatory factor analysis model of executive functions (EFs). Rectangles represent observed EF tasks and ellipses represent latent variables.
Numbers on arrows represent standardized factor loadings, and numbers at the ends of arrows represent residual variance. Common EF predicted all six EF tasks,
whereas updating-specific predicted additional variance in the keep track and letter memory tasks, and shifting-specific predicted additional variance in the
numberletter and category-switch tasks. All parameters were statistically significant (p < 0.05). EF, executive function.

whereas voxel-based methods only allow for the investigation of
cortical volume. Surface area and thickness are under distinct
genetic control (Winkler et al, 2010), suggesting they may
capture different mechanisms in neural organization that is
lost by looking at volume alone. Additionally, voxel-based
techniques are particularly susceptible to be confounded by
partial volume effects, effects which SBM is more robust. T1-
weighted structural images were brain extracted using a hybrid
watershed/surface deformation procedure (Segonne et al., 2004),
followed by a transformation into Talaiarch space, intensity
normalization (Sled et al., 1998), tessellation of the gray/white
matter boundary (Fischl et al., 2001), and surface deformation
along intensity gradients to optimally differentiate gray matter,
white matter, and cerebral spinal fluid boundaries (Dale et al.,
1999; Fischl and Dale, 2000). The resulting segmented surfaces
were registered to a standard spherical inflated brain template
(Fischl et al, 1999ab), parcelated according to gyral and
sulcal structure (Fischl et al., 2004; Desikan et al., 2006), and
then used to compute a range of surface-based measurements,
including cortical volume, surface area, thickness, and local
gyrification. Whereas cortical volume captures the total amount
of gray matter within a region, and can be decomposed
into two constituent parts, namely thickness and surface area,
local gyrification index the degree to which the amount
of surface area that is contained within the sulci of the
brain.

Confirmatory SBM Analyses

In an attempt to replicate results found in Smolker et al. (2015),
we carried out ROI analyses in which we tested for associations
between mean gray matter morphometry values for each subject
from the ROIs identified in Smolker et al. (2015). We then carried
out multiple regression models to test for significant associations

between neuroanatomy of these ROIs and EFs (see Multiple
Regression below for details analyses).

Exploratory SBM Analyses

To investigate the degree to which regional variability in multiple
measures of gray matter morphometry were associated with EF
factor scores, we performed gray matter morphometry analyses
of volume, cortical thickness, surface area, and local gyrification
index via general linear models, which tested for vertex-wise
associations between the aforementioned SBM measures and the
EFs across the entire cortex. SBM analyses involving volume
and surface area treated total intracranial volume (ICV) as a
nuisance covariate, in line with recommendations from previous
work (Buckner et al., 2004). Smoothing was set to a full-
width-half-max parameter of 10mm, and all results that passed
p < 0.05 where then corrected for multiple comparisons via
Monte Carlo simulations (Hagler et al., 2006). These simulations
generated data-driven cluster size limits for determining cluster
extent significance. All reported clusters passed Monte Carlo
simulations at p < 0.05.

Diffusion Tensor Imaging

Diffusion-weighted tensor images were processed with FSL
(Smith et al., 2004), using the FDT toolbox (Behrens et al,
2003b, 2007) and tract-based spatial statistics (TBSS; Smith et al.,
2006). All images were first motion and distortion corrected.
Within each subject, diffusion tensor models were fit for each
voxel, creating images of four common measures of white matter
diffusion, including fractional anisotropy, mean diftusivity, radial
diffusivity, and axial diffusivity, across the whole brain. Fractional
anisotropy, a measure of the degree to which the motion of water
molecules are constrained within neural axons, is thought to
reflect the overall integrity of myelin in the brain and can be
decomposed into constituent parts: including mean diffusivity,
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an average of the eigenvalues associated with three primary
diffusion directions; axial diffusivity, the degree to which water
molecules diffuse in the primary eigenvalue directions; and radial
diffusivity, the average of two non-primary eigenvalues (for a
review of DTI measures, see Alexander et al., 2007). For the
four diffusion measures separately, all resulting subject-specific
diffusion images were then non-linearly aligned to a Imm? white
matter template in standard space. The aligned images were then
skeletonized and averaged, creating an average skeleton mask
of prominent white matter tracts. For confirmatory analyses,
we calculated the mean fractional anisotropy of the white
matter tracts previously implicated in emerging adults (Smolker
et al., 2015): the rSLF and the bilateral inferior fontoocccipital
fasciculus (iFOF). These tract-specific ROIs were defined based
on the JHU white-matter tractography atlas, and values for mean
FA of these white matter tracts were extracted for each subject,
individually.

Confirmatory DTl Analyses

In an attempt to replicate results found in Smolker et al. (2015),
we tested for associations between mean whole-tract fractional
anisotropy of the rSLF and bilateral iFOF with common EF and
shifting-specific, respectively. Because these white matter tracts
may still be associated with EE, but on a more regional as opposed
to whole-tract level, we carried out voxel-wise TBSS within masks
of these two tracts.

Exploratory DTI Analyses

To investigate the degree to which multiple voxel-wise diffusion
measures within major white matter tracts throughout the whole
brain was associated with EE, we carried out TBSS within a
skeletonized mask of prominent white matter tracts. Reported
statistics for voxel-wise analyses were corrected for multiple
comparisons using Threshold-Free Cluster Enhancement
(TFCE) (Smith and Nichols, 2009), which provides a threshold-
free method for determining significant clusters. All reported
DTI clusters passed at a TFCE-corrected 1-p value of 0.95. For
use in subsequent multiple regression analyses, we computed
each subject’s mean DTI values for all clusters individually. All
reported clusters passed multiple regression testing ata p < 0.05
after accounting for family structure and gender.

Cluster Selection

For all clusters that passed correction for multiple comparisons,
each subjects mean neuroanatomical value across a given cluster
was extracted. Because of the prevalence of twins in the current
sample has the potential to inflate effect sizes by reducing
sample variance, all clusters that passed correction for multiple
comparisons were then corrected for family structure in the
context of regressing each participants EF factor score on each
participant’s mean value for a given cluster. Family structure
was coded as a unique identifying number for each family, with
twins receiving the same value if they belonged to the same
family. These family identification numbers were then used as
the grouping variable for sandwich estimation, as implemented
in by MPluss TYPE = COMPLEX option. This procedure
was performed for all clusters individually. Prior to running

regression models, EF factor scores and mean neuroanatomical
estimates of the identified clusters were Winsorized between-
subjects, with any values above or below the 99th and Ist
percentile being moved to exactly the 99th and 1st percentiles,
respectively. Because of the number of distinct analyses run,
it was important to adjust the alpha level for determining
significance. For each of the three EF factors scores, we carried
out four whole brain SBM analyses (12 test) and four whole brain
DTI analyses (12 test). While we report clusters in the current
manuscript that reached a standard alpha threshold of 0.05, we
note that the Bonferroni corrected alpha in the current study is
p < 0.0021. Of the 17 distinct neuroanatomical clusters identified
in the current sample shown in Table 2, only one cluster did not
pass Bonferroni level correction.

Multiple Regression

All multiple regression analyses were carried out using MPlus
(Muthén and Muthén, 1998). We employed multiple regression
with sandwich estimation to both account for family structure
and interpolate effect sizes when multiple neuroanatomical
predictors were used to predict a given EF factor scores.
To better understand the manner in which gray matter
morphometry and white matter diffusion can be used in
tandem to better understand individual differences in EF, we
included all neuroanatomical clusters found to be associated
with a given EF in a single model predicting that EF (i.e., the
full model). This procedure enabled two important insights.
First, it allowed the examination of which neuroanatomical
clusters remained significantly associated with EF after taking
into account all other neuroanatomical clusters associated
with that EF. Distinct measures both within- and between-
gray matter and white matter modalities have been shown
to explain overlapping variance in individual differences in
behavior (Erus et al.,, 2014), suggesting a potential integrative
relationship across aspects of both gray matter and white
matter structure that coincides with network-oriented models
of the brain and cognition. Second, the full model allowed
us to determine the total variance in EF factor scores
that can be explained by the identified neuroanatomical
clusters.

RESULTS

Behavioral Results

For descriptive statistics of the six behavioral tasks used in
the confirmatory factor analysis to obtain the factor scores, see
Table 1. This confirmatory factor analysis model (see Figure 1)
fit reasonably well, x2(7) = 24.08, p = 0.001, CFI = 0.935,
RMSEA = 0.093. Although the fit indices slightly exceeded the
cutoffs typically used to indicate good fit (i.e., CFI > 0.95 and
RMSEA < 0.06; Hu and Bentler, 1995), we did not implement
any model modifications so as to maintain consistency with
prior versions of the model that have been shown to fit well
(Friedman et al, 2016). Factor score determinacy estimates
for the complete data pattern were 0.83, 0.60, and 0.75 for
common EF, updating-specific, and shifting-specific, respectively.
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TABLE 1 | Descriptive statistics of executive function tasks.

Task N Mean (SD) Range Skewness Kurtosis Reliability
Antisaccade 244 43.87% (21.35) 5.00 to 96.67 0.37 —0.67 0.902
Stroop 248 154.44 ms (77.34) —3.14 t0 395.60 0.81 0.67 0.962
Keep Track 245 75.63% (14.12) 34.22 to 100.00 —0.66 0.03 0.74°
Letter Memory 251 71.48% (14.01) 35.61 to 100.00 0.06 -0.87 0.93°
Number- letter 243 171.12 ms (106.01) —41.36 to 508.88 0.84 0.89 0.812
Category switch 250 203.79 ms (175.29) —64.78 to 744.85 1.33 1.49 0.942

@Reliability is split-half (odd/even for Stroop and Category-switch or runi/run2 for antisaccade and numberletter), adjusted with the Spearman—Brown prophecy formula.
bReliability is Chronbach’s alpha across 3 runs for keep track and 4 sets of trials for letter memory. N, number of participants who had usable data on a given task.

TABLE 2 | Significant clusters after correction for family structure.

Neuroanatomy Executive function Region or tract Cluster size X Y Zz B SE p-value

domain dimension (measure) (mm)

Gray matter cEF rMFG/FP (vol) 407 24 43 23 0.294 0.062 <0.001

morphometry cEF rMFG/FP (area) 848 21 60 6 0.278 0.069 <0.001
cEF rITG (area) 1987 47 —21 —-27 0.276 0.085 0.001
UPD rSFG (area) 1498 8 19 47 —0.240 0.073 0.001
UPD rM/STG (area) 1709 48 5 —-27 -0.282 0.080 <0.001
UPD ICUN/PC (thick) 1160 —21 —61 9 0.249 0.058 <0.001

White matter diffusion cEF IATR (FA) 64 —24 15 16 0.277 0.058 <0.001
cEF rSLF (FA) 56 39 -9 29 0.229 0.071 0.001
SHI rOR (AD) 58 48 -33 —11 —0.265 0.058 <0.001
SHI ISLF- vent (AD) 86 —44 -13 26 -0.257 0.068 <0.001
SHI ISLF- dors (AD) 141 —36 —-10 32 —0.209 0.067 0.002
SHI ISLF- post (AD) 245 -33 —34 36 —0.257 0.085 0.002
SHI ICC (AD) 2618 -20 —44 31 —0.260 0.073 <0.001
SHI whole brain (MD) 40750 -37 -25 31 —0.248 0.067 <0.001
SHI rOR-post (RD) 102 12 —77 22 —0.209 0.059 <0.001
SHI rOR-ant' (RD) 186 39 —48 -15 -0.189 0.071 0.008
SHI whole brain (RD) 28289 —34 —-36 24 —0.255 0.062 <0.001

Clusters that passed correction for multiple comparisons and family structure. Reported stats are from regressing associated executive function dimension on a mean
neuroanatomical values of a single cluster (controlling for nuisance covariates). “X”, “Y”, and “Z” represent MNI coordinates of a given cluster’s peak. ' indicates that
cluster’s p-value did not pass Bonferroni level correction of p < 0.0021. cEF, common executive function; UPD, updating-specific; SHI, shifting-specific; rMFG/FF,
right middle frontal gyrus/frontal pole; rITG, right inferior temporal gyrus; rSFG, right superior frontal gyrus; rM/STG, right middle/superior temporal gyrus; ICUN/PC,
left cuneus/precuneus cortex; IATR, left anterior thalamic radiation; ISLF, left superior longitudinal fasciculus; rSLF, right superior longitudinal fasciculus; rOR, right optic
radiation; ICC, left corpus callosum; vent, ventral; dors, dorsal; post, posterior; vol, volume; thick, thickness; FA, fractional anisotropy; AD, axial diffusivity; MD, mean

diffusivity; RD, radial diffusivity.

Demonstrating the reliability and stability of these factor scores,
common EF factor scores from this age 29 assessment correlated
0.79 and 0.68 with common EF factor scores from the 9-task
batteries completed by this sample at ages 23 and 17, respectively;
updating-specific factor scores from this wave correlated 0.61
and 0.44 with updating-specific scores (based on 3 tasks each)
at ages 23 and 17, respectively; and shifting-specific factor scores
from this wave correlated 0.62 and 0.60 with shifting-specific
scores (based on 3 tasks each) at ages 23 and 17, respectively (all
ps < 0.001).

Surface-Based Morphometry

For a full list of SBM results that passed correction for
multiple comparisons and family structure, see Table 2. In the
confirmatory ROI analyses, none of the gray matter features
identified in Smolker et al. (2015) were significantly associated

with EFs in the current sample. In exploratory analyses, better
common EF was associated with increased volume and surface
area of clusters spanning right frontal pole (FP)/right middle
frontal gyrus (MFG) (volume: x = 24, y = 43, z = 23, § = 0.294,
SE = 0.062, p < 0.001; area: x = 21, y = 60, z = 6, f = 0.278,
SE = 0.069, p < 0.001) (Figure 2), as well as increased surface
area of a cluster in the right inferior temporal gyrus (rITG; x = 47,
y=—21,z=—-27; = 0.276, SE = 0.085, p = 0.001) (Figure 2).
Better updating-specific was associated with increased thickness
of a region of left cuneus/precuneus (ICun/PC; x = —21, y = —61,
z=9,8 =0.249, SE = 0.058, p < 0.001) (Figure 3), and decreased
thickness of clusters in the medial portion of right superior
frontal gyrus (rSFG; x = 8,y = 19, z = 47, p = —0.240, SE = 0.073,
p = 0.001) and right anterior superior/middle temporal gyrus
(rS/MTG; x = 48, y = 5, z = —27; p = —0.282, SE = 0.080,
p < 0.001) (Figure 3).
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FIGURE 2 | Regional gray matter clusters associated with common executive function. Cortical clusters that passed correction for multiple comparisons. All clusters
remained significant after taking into account family structure. Scatterplots show simple correlation between gray matter measure total of a given ROl and common
EF factor score. *Indicates clusters that remained significantly associated with common EF in the full model, in which all neuroanatomical clusters associated with
cEF were included in a single model. red, greater common EF associated with greater surface area; yellow, greater common EF associated with greater volume;
orange, overlap between red and yellow clusters; EF, executive function; GM, gray matter; R, right; A, anterior, P, posterior; D, dorsal; V, ventral.
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Diffusion Tensor Imaging

For a full list of DTT results that passed correction for multiple
comparisons and family structure, see Table 2. Confirmatory
analyses of relationships from Smolker et al. (2015) revealed
that, in the current sample, better common EF was marginally
associated with increased average fractional anisotropy across
the entire rSLF, while shifting-specific was not significantly
associated with fractional anisotropy of the bilateral iFOF.

We then tested for voxel-wise associations between fractional
anisotropy and EF within the white matter tract implicated in
Smolker et al. (2015) finding a significant positive association
of fractional anisotropy of a cluster in the anterior portion
of right SLF (see Figure 4), specifically SLF-II, with common
EF (x =39, y = =9, z = 29 p = 0229, SE = 0.071,
p = 0.001), with greater FA associating with better common EF
(Figure 4).
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FIGURE 3 | Regional gray matter clusters associated with updating-specific factor score. Cortical clusters that passed correction for multiple comparisons. All
clusters remained significant after taking into account family structure. *Indicates clusters that remained significantly associated with updating-specific in the full
model, in which all neuroanatomical clusters associated with updating-specific were included in a single model. Hot colors (i.e., pink) indicate greater morphometry
associated with greater updating-specific factor scores. Cold colors (e.g., teal) indicated less morphometry associated with greater updating-specific ability.
Scatterplots show simple correlation between morphometry total of ROl and updating-specific factor score. pink, greater updating associated greater thickness;
teal, greater updating associated with less surface area; GM, gray matter; R, right; L, left; A, anterior, P, posterior.
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In exploratory analyses, we found a significant positive
association between fractional anisotropy in a cluster of the left
anterior thalamic radiation (IATR; x = —24, y = 15, z = 16;
p =0.277, SE = 0.058, p < 0.001) and common EF (Figure 4)
with better common EF associated with greater fractional
anisotropy. No significant DTT results were found for updating-
specific, though we found a number of DTT clusters that were
significantly associated with shifting-specific. Clusters in which

DTI properties were associated with shifting-specific included
axial diffusivity of a clusters in the right optic radiation (rOR;
x =48,y = =33, z=—11; p = —0.265, SE = 0.058, p < 0.001)
(Figure 5), three clusters within the left SLF (Figure 5), including
a more ventral cluster (ISLF-vent; x = —44, y = —13, z = 26;
B = —0.257, SE = 0.068, p < 0.001), a more dorsal cluster (ISLF-
dors; x = =36, y = —10, z = 32; p = —0.209, SE = 0.067,
p = 0.002), and a more posterior cluster (ISLF-post; x = —33,
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FIGURE 4 | Regional fractional anisotropy clusters associated with common executive function factor scores. Significant results from Tract-Based Spatial Statistics
(TBSS) within a mask of the right superior longitudinal fasciculus as well as within skeletonized mask of all major white matter tracts across the whole brain.
Significant positive association were found between common EF and fractional anisotropy of a cluster in the right superior longitudinal fasciculus (shown in light red),
specifically SLF-Il. When conducting TBSS within skeletonized mask of all major white matter tracts across the whole brain, a significant positive association was
found between common EF and fractional anisotropy of a cluster in the left anterior thalamic radiation. Scatterplots show simple correlation between fractional
anisotropy total of ROl and common EF factor score. *Indicates clusters that remained significantly associated with common EF in the full model, in which all
neuroanatomical clusters associated with common EF were included in a single model. R, right; A, anterior; P, posterior; X, Y, and Z are MNI coordinates of peak of
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y = =34, z = 36; B = —0.257, SE = 0.085, p = 0.002), and a
cluster spanning almost the entirety of the left corpus callosum
(ICC; x = =20, y = —44, z = 31; p = —0.260, SE = 0.073,
p < 0.001) (Figure 5). Shifting-specific was also associated with
radial diffusivity in two clusters in the rOR (Figure 6) - a
more anterior cluster (rOR-ant; x = 39, y = —48, z = —15;
p = —0.189, SE = 0.071, p = 0.008) and a more posterior cluster

(rOR-post; x = 12, y = =77, z = 22; B = —0.209, SE = 0.059,
p < 0.001) - as well as radial diffusivity of a cluster spanning
much of the brain (whole brain; x = —34, y = =36, z = 24;
B = —0.255, SE = 0.062, p < 0.001) (Figure 6) as well an mean
diffusivity of a cluster spanning much of the brain (whole brain;
x =-=37,y=-25z=31;p =—0.248, SE = 0.067, p < 0.001)
(Figure 7).
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FIGURE 5 | Regional axial diffusivity clusters associated with shifting-specific factor scores. Significant results from TBSS within skeletonized mask of all major white
matter tracts across the whole brain. Significant negative association were found between shifting-specific factor scores and five clusters of radial diffusivity, after
accounting for family structure and gender. These clusters included the left corpus callosum (shown in green), three clusters within the left superior longitudinal
fasciculus (ISLF), including a more dorsal cluster (ISLF-dorsal; shown in red), a more ventral cluster (ISLF-ventral; shown in dark purple), and a more posterior cluster
(ISLF-posterior) shown in light purple. Scatterplots show simple correlation between mean axial diffusivity of a given ROl and shifting-specific factor score. *Indicates
clusters that remained significantly associated with shifting-specific in the full model, in which all neuroanatomical clusters associated with shifting-specific were
included in a single model. R, right; L, left; A, anterior; P, posterior; X, Y, and Z are MNI coordinates of peak of cluster.

Cross- and Within'MOda“ty MUItiple volume of rFP/MFG cluster (f = 0.222, SE = 0.112, p = 0.048),

Regression area of the rITG cluster (B = 0.292, SE = 0.076, p < 0.001),
For a full list of clusters that remained significantly associated =~ FA of the rSLF cluster ( = 0.164, SE = 0.068, p = 0.015), and
with a given EF when included in a model with other clusters fractional anisotropy of the IATR cluster (f = 0.225, SE = 0.058,
associated with that EF, see Table 3. The only EF dimensions p < 0.001) as predictors of common EF, all of which remained
for which we observed both significant gray matter and DTI  significantly positively associated with common EF (full model
predictors was common EF resulting in a model including R? = 0.225, SE = 0.046, p < 0.001) (Table 3). When all
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FIGURE 6 | Regional radial diffusivity clusters associated with shifting-specific factor scores. Significant results from TBSS within skeletonized mask of all major
white matter tracts across the whole brain. Significant negative associations were found between shifting-specific factor scores and a three radial diffusivity clusters,
including a cluster spanning nearly all major white matter tracts in the whole brain (top), and two clusters within the right optic radiation, a more anterior cluster and a
more posterior cluster, after accounting for family structure and gender. Of these three clusters, only the whole brain cluster remained significant in the full model,
which regressed shifting-specific factor scores on all associated neuroanatomical clusters. Scatterplots show simple correlation between mean radial diffusivity of a
given ROI and shifting-specific factor score. *Indicates clusters that remained significantly associated with shifting-specific in the full model, in which all
neuroanatomical clusters associated with shifting-specific were included in a single model. R, right; A, anterior; P, posterior; D, dorsal; V, ventral.

significant gray matter clusters associated with updating-specific
were included in a single model controlling for family structure,
total ICV, and gender, the ICun/PC cluster (B = 0.214, SE = 0.059,
p < 0.001), rSFG cluster (p = —0.152, SE = 0.070, p = 0.030),
and rS/MTG clusters (3 = —0.180, SE = 0.077, p = 0.020)
all remained significantly associated with updating-specific (full
model R? = 0.179, SE = 0.051, p < 0.001) (Table 3). When
all significant DTT clusters associated with shifting-specific were
included in a single model controlling for family structure and

gender (Table 3), the axial diffusivity cluster in rOR ( = —0.200,
SE = 0.054, p < 0.001), the axial diffusivity cluster ISLF-vent
(B = —0.173, SE = 0.057, p = 0.002), the axial diffusivity cluster
in ICC (B = —0.357, SE = 0.110, p = 0.001), the whole brain
mean diffusivity cluster (B = 1.201, SE = 0.242, p < 0.001),
and the whole brain radial diffusivity cluster (B = —0.933,
SE = 0.205, p < 0.001) cluster remained significantly associated
with updating-specific (full model R?> = 0.237, SE = 0.051,
p < 0.001).
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FIGURE 7 | Regional mean diffusivity cluster associated with shifting-specific factor scores. Significant results from TBSS within skeletonized mask of all major white
matter tracts across the whole brain. Significant positive association was found between shifting-specific factor scores and a cluster of mean diffusivity spanning
nearly all major white matter tracts in the whole brain, after accounting for family structure and gender. Scatterplot shows simple correlation between average mean
diffusivity across a given ROI and shifting-specific factor score. *Indicates clusters that remained significantly associated with shifting-specific in the full model, in
which all neuroanatomical clusters associated with shifting-specific were included in a single model. A, anterior; P, posterior; D, dorsal; V, ventral; Z, MNI Z coordinate.

DISCUSSION

The current study tested for associations between
neuroanatomical measures and the three distinct EF constructs
of the unity/diversity model of EF in a non-clinical sample closely
clustered around 29 years of age. We observed relationships
between common EF and multiple gray matter and fractional
anisotropy characteristics. Updating-specific was associated
with gray matter properties only, while shifting-specific was
associated with a range of properties of white matter, including

regional variability in mean, radial, and axial diffusivity. It is
important to note that, while the effect sizes of neuroanatomy-EF
relationships observed in the current study may be considered
weak, it is unlikely that large portions of variance in complex
cognitive behaviors in healthy individuals will be explained
by neuroanatomy alone. Instead, neuroanatomy represents
one piece of what are likely highly complex, multimodal brain
systems supporting complex behaviors. We center our discussion
around two questions: (1) whether the areas of gray matter
and white matter that show associations with EF are within or
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TABLE 3 | Results from cross- and within- modality multiple regression.

Behavioral Region or tract B SE p-value

dimension (measure)

cEF rMFG/FP (vol) 0.222 0.112 0.048
rITG (area) 0.292 0.076 <0.001
rSLF (FA) 0.164 0.068 0.015
IATR (FA) 0.225 0.058 <0.001

UPD rSFG (area) —0.152 0.070 0.030
rM/STG (area) —0.180 0.077 0.020
ICUN/PC (thick) 0.214 0.059 <0.001

SHI rOR (AD) —0.200 0.054 <0.001
ISLF-vent (AD) -0.173 0.057 0.002
ICC (AD) —0.357 0.110 0.001
whole brain (MD) 1.201 0.242 <0.001
whole brain (RD) —0.933 0.205 <0.001

Significant results from “final model,” in which executive function factor scores
were regressed on all gray matter morphometry and diffusion tensor imaging
(DTI) clusters that remained significant after accounting for family structure,
simultaneously, in a single model. The only executive function factor score
for which both gray matter morphometry and DTI clusters were found was
common executive function (cEF). For updating-specific (UPD) and shifting-specific
(SHI), displayed results are from models including all associated gray matter
(updating-specific) and DTI (shifting-specific) clusters, respectively. rFP/MFG, right
frontal pole/middle frontal gyrus; riTG, right inferior temporal gyrus; rSFG, right
superior frontal gyrus; rM/STG, right middle/superior temporal gyrus; ICUN/PC, left
cuneus/precuneus cortex; IATR, left anterior thalamic radiation; rSLF, right superior
longitudinal fasciculus; rOR, right optic radiation; ISLF-vent, left superior longitudinal
fasciculus — ventral; ICC, left corpus callosum; vol, volume; thick, thickness; FA,
fractional anisotropy.

outside the FPN; and (2) whether the pattern of results observed
is consistent with what we have observed previously in a sample
of emerging adults.

Neuroanatomical Correlates of EF:
Within or Outside the FPN?

We observed that the gray matter morphometry of regions that
are associated with common EF and updating-specific did not
fall squarely within the FPN, but instead fell in brain regions
commonly associated with default mode network (DMN), as well
as regions supporting non-EF processes vital to task performance.
The majority of the observed associations were in regions outside
of the FPN, with only two associations occurring with clusters
that spanned the FPN. Moreover, we observed that decreased
gray matter in regions commonly associated with DMN were
associated with better updating-specific. The DMN has been
shown to have inverse associations with the efficacy of FPN
engagement (Fox et al., 2005; Elton and Gao, 2015), as well as
regions supporting non-EF processes vital to task performance.
In terms of white matter, results suggested that individuals with
higher EF are characterized by the properties of white matter
tracts connecting a range of brain regions, including prefrontal
to more posterior brain regions, as inferred from DTI measures.

One of the two major results regarding gray matter properties
and common EF was an association between increased volume
and surface area of the rFP/MFG and higher common EF.
Comparing the spatial location of these clusters to a popular
seven-network parcellation of brain networks (Yeo et al., 2011)

the more lateral aspects of the rFP/MFG clusters lie in cortex
associated with the FPN, whereas the more medial portions of
these clusters lie in cortex associated with the DMN. Hence,
the region so-identified does not fall squarely within mid-
dIPFC region that has been suggested to be at the top of a
neuroanatomical hierarchy for EF (Nee and D’ Esposito, 2016,
2017), but rather it is located a bit more dorsal and anterior.
The FP has been implicated by our group and others with high-
level goal representations (Gilbert et al., 2006; Burgess et al.,
2007, 2008; Tsujimoto et al., 2011; Orr and Banich, 2014; Orr
et al., 2015). For example, Orr and Banich (2014) found there
is greater FP activation when task goals must be voluntarily
selected by an individual as compared to when they are given
explicit instructions regarding the task goal. This finding is
consistent with models of FP function as biasing behavior in
accordance with internal goals in the absence of external goal
cues (Burgess et al., 2007). Evidence from DTI and functional
co-activation suggests that dorsal portions of the FP, with which
the common EF cluster in the current study is contiguous, have
short-range projections to other PFC regions. Such projections
may allow for the updating of goal-related information in more
mid-dorsolateral regions, which then in turn, can modulate
activity of posterior regions in accordance with task goals (Orr
et al,, 2015). Thus, it may be that the structural characteristics
of the FP associated with higher common EF may influence the
processing of higher-level goal representations. In line with this
idea, common EF has been theorized to capture the maintenance
of goal information that is used to bias lower-level processing in
pursuit of these goals (Friedman and Miyake, 2017).

The second major gray matter result for common EF was that
higher cEF was associated with greater surface area along the
ventral surface of anterior right ITG, (Ishai et al., 1999; Visser
et al.,, 2010, 2012; Peelen and Caramazza, 2012), which is not
part of what is commonly considered the FPN. Rather, anterior
ITG has been linked to conceptual information regarding a visual
object, including semantic information, location, and associated
action (Visser et al., 2010, 2012; Peelen and Caramazza, 2012).
We may have found this association because the majority of
EF tasks that load on the cEF factor require the interpretation
of visual cues. For example, during the category-switch task,
participants are presented with two cues that have distinct
semantic judgments associated with them and must rapidly
identify the visual cue and access the appropriate semantic
category, a function which has been ascribed to anterior ITG
(Visser et al,, 2010, 2012). In the antisaccade and number-
letter tasks, participants must identify the location of visual
cues and use this location information to inform subsequent
actions, once again, a function ascribed to anterior ITG (Peelen
and Caramazza, 2012). The involvement of access to higher-
order conceptual information pertaining to visual objects, likely
grounded in anterior ITG function, may be a prerequisite for
good performance on nearly all visually based EF tasks. Given
that common EF captures mechanisms involved across all EF
tasks, it is not surprising the brain regions supporting the
conceptual information of visual objects show associations with
common EF. It should be noted that such a finding does not
necessarily suggest that this association is an “artifact” of using
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visual tasks to assess EF. Rather, it may suggest that individuals
with higher common EF abilities may be better able to process
information regarding lower-level processing in the context of
current task goals.

With regards to white matter, higher common EF was
associated with increased fractional anisotropy of white matter in
clusters of the rSLF and the IATR. The SLF is often considered
to be a key anatomical connection connecting frontal and
parietal regions of the FPN, and has been implicated in higher-
level cognitive processes, including selective attention, working
memory, and EF (Vestergaard et al., 2011; Smolker et al., 2015;
Urger et al., 2015). Of the five primary subcomponents that
make up the SLF (Kamali et al., 2014), the cluster associated
with common EF lay in the SLF-II subcomponent, which has
been shown to connect the angular gyrus to middle frontal
and precentral gyri (Wang et al., 2016). Though the SLF-II
likely plays a role in a wide range of functions, it has been
suggested to be preferentially associated with the regulation of
spatial attention, with some suggesting that it plays a critical
role integrating the dorsal- and ventral- attention networks,
mediating information flow related to goal-directed attention
(originating from dorsal attention network via SLF-I) and
attention to salient events (originating from ventral attention
network via SLF-III) (De Schotten et al., 2011). In the context of
common EF, this purported function of integrating goal-oriented
attentional signals with automatic, salient spatial attention to
objects is likely involved in all, if not the majority of EF tasks.
That is, all of the EF tasks paradigms that went into the common
EF factor score required participants to guide spatial attention
in accordance with task goals, and the ability to successfully
do this is likely contingent upon the properties of the neural
systems supporting spatial attention, including the SLF and its
subcomponents. As such, the white matter findings are consistent
with those regarding gray matter as both point to the possibility
that individuals with higher common EF have associations with
aspects of brain neuroanatomy that would be suggestive of
expanded involvement of both top—down and bottom-up brain
regions as well as their integration.

The 1ATR, the other white matter tract associated with
common EF, connects the mediodorsal nucleus of the thalamus
to the PFC (Behrens et al., 2003a; Jang and Yeo, 2014). Showing
three distinct functional connectivity profiles, the mediodorsal
nucleus has been shown to have dissociable connections with
orbitofrontal cortex, ventrolateral PFC, and dIPFC, all of which
pass through the ATR (Jang and Yeo, 2014). Indeed, in the
current sample, post hoc analyses revealed a significant positive
correlation between fractional anisotropy of the IATR cluster and
volume of the right FP/MFG cluster (r = 0.238, p < 0.001),
suggesting a potential neural circuit important to common EF
ability, though each cluster appeared to predict unique portions
of variance in common EF. Despite few if any studies implicating
fractional anisotropy of the ATR in individual differences in
EF amongst healthy young adults, fractional anisotropy of the
ATR has been shown to be reduced in patient populations,
with the degree of reduction associating with EF impairment
(Mamah et al,, 2010). Moreover, the mediodorsal nucleus of
the thalamus has been proposed to play an important role in

rapid learning of an associative nature as well as decision-making
paradigms that involve multiple cognitive processes (Mitchell,
2015), exactly the type of processes tapped by the EF tasks in
our behavioral battery. Hence, individuals with higher common
EF have increased fractional anisotropy, often taken as an index
of structural integrity (Alba-Ferrara and de Erausquin, 2013), of
both a tract that connects cortical regions to prefrontal cortex
(i.e., rSLF) and well as a tract that connects subcortical regions
to prefrontal cortex (i.e., IATR).

With regards to updating-specific, four major associations
with gray matter morphometry were observed. One of these was
an association between better updating-specific and decreased
surface area of the rSFG in a cluster spanning cortex both FPN
and DMN. This rSFG cluster spans the dorsal portions of both the
middle and anterior zones of the medial frontal cortex identified
in a recent meta-analytic parcellation by de la Vega et al. (2016),
although the majority of it falls within the anterior zone. The
dorsal portion of the middle zone is associated with working
memory and cognitive control de la Vega et al., 2016) and shows
high degrees of co-activation with key components of the FPN.
While this posterior portion of the rSFG cluster falls within this
middle zone attributed to the FPN, the majority of this cluster sits
in a region of medial PFC commonly attributed to the DMN. This
portion of the anterior zone has been strongly implicated with
social processing, including social perception and self-referential
thought (Mitchell et al., 2005; de la Vega et al., 2016). Though it is
unclear how social perception and self-referential thought relate
to updating-specific or the functional consequences of reductions
in surface area are, one possibility is that better updating-specific
is associated with reduced engagement of these inwardly directed
modes of thought. In line with this interpretation, we also
observed that better updating-specific is associated with reduced
surface area of the anterior right M/STG, a region implicated as in
the DMN (Yeo et al., 2011), as well as affective processing (Olson
et al., 2007).

In contrast, updating-specific was associated with increased
cortical thickness of a region that spanned from dorsal regions
of the left cuneus/precuneus, commonly implicated in visual
attention (Vanni et al., 2001), to more ventral regions reaching
the posterior cingulate. Though not a classic EF region per se,
the cuneus/precuneus is frequently implicated in EF tasks due
to a reliance on rapid visual processing (Wager and Smith, 2003;
Simoes-Franklin et al., 2010). For proper updating to occur, the
environment must be monitored for cues indicating an update
is needed and, in the case of the EF tasks in this study, these
cues can only be discerned through rapid visual processing, to
which the cuneus is a key contributor. The posterior cingulate
region is one of the core hubs of the DMN, and becomes
active when individuals make self-relevant, affective decisions
(Andrews-Hanna et al, 2010). Like the region in the rSEG,
this region spanned areas typically considered to be both the
FPN and the DMN. Whether this association is indicative of
alterations in individuals with higher updating-specific ability
in the interaction between these two systems, which commonly
activate in an antagonistic manner (Fox et al., 2005), remains to
be seen and will require examination of functional patterns of
brain activation.
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Though no significant associations between gray matter
morphometry and shifting-specific were observed in the current
sample, quite a number of associations were found between
regional variability in the white matter diffusion measures
and individual differences in shifting-specific factor scores.
One potential interpretation of shifting-specific’s exclusive
associations with white matter properties may be that shifting
is reliant on more transient neural processes, such as the ability
to effectively reconfigure task sets and representations, and to
quickly clear or replace no-longer relevant representations (Herd
et al., 2014). Such reconfiguration may be dependent upon the
efficiency of connectivity between multiple brain regions, with
connectivity largely driven by diffusion properties of white matter
(Skudlarski et al., 2008), not regional gray matter morphometry.

Specifically, we found shifting-specific ability to be associated
with multiple white matter characteristics including axial
diffusivity of three clusters of the ISLF, axial diffusivity of the left
corpus callosum, axial diffusivity of a portion of the rOR, mean
diffusivity of a cluster spanning much of the entire brain, radial
diftusivity of a similar cluster spanning much of the brain, as
well as radial diffusivity of two clusters within the rOR. When
viewed as a whole, these results suggest three general points
regarding the diffusion correlates of shifting-specific. First, the
whole brain clusters identified in both mean diffusivity and radial
diffusivity analyses suggest that shifting-specific is associated with
diffusion properties across the entire brain. Though these results
were not expected, they suggest that shifting-specific ability is at
least partially dependent upon general white matter properties
not just those linked to specific portions of discrete tracts.
Interestingly, despite the considerable spatial overlap between
the regions identified as associated with mean diffusivity and
radial diffusivity, respectively and the fact that radial diffusivity
is a mathematical component of mean diffusivity (Alexander
et al, 2007), both clusters remained significantly associated
with shifting-specific, even after taking into account the other
cluster. This finding suggests that, while highly associated, mean
diffusivity and radial diffusivity have distinct associations with
behavior that are not captured by one measure alone, providing
credence to methodologies that aim to investigate multiple
measures of white matter diffusion in tandem.

A second point from the DTI analyses of shifting-specific
is that, whereas cEF has been shown to be associated with
diffusion properties of the right SLF in emerging adults (Smolker
et al,, 2015) and in the current sample, shifting-specific ability
appears to be related to regional axial diffusivity of clusters in
the left SLEF, specifically SLE-II. As discussed previously, the SLF,
particularly SLF-II, allows for long-range connections between
the prefrontal and parietal cortices, including regions implicated
in the FPN, and has been implicated in the regulation of attention,
along with other EF-associated behaviors (Vestergaard et al,
2011; Smolker et al., 2015; Urger et al., 2015). The observed left
lateralization of this relationship between shifting-specific and
axial diffusivity of the SLF may reflect the linguistic nature of
the shifting tasks, as the ISLF (Maldonado et al., 2011; Urger
et al, 2015) and left hemisphere in general (Binder et al.,
1995), have been heavily implicated in linguistic and semantic
processing. We additionally found that axial diffusivity of a

cluster spanning most of left hemisphere portions of the corpus
callosum was negatively correlated with shifting-specific, such
that better shifting-specific was associated with reduced axial
diffusivity in these regions. Unlike the majority of white matter
tracts that generally run anteriorly to posteriorly, the corpus
callosum is the main anatomical pathway connecting the two
hemispheres (Roland et al., 2017), but also has vertical projections
which innervate the major lobes of the brain (Hofer and Frahm,
2006). The ISLF clusters found to be associated with shifting-
specific lay directly adjacent to the more anterior section of the
corpus callosum cluster, that connect to prefrontal regions. This
finding raises the possibility that these clusters are capturing
distinct portions of an integrated neural circuit important for
determining individual differences in shifting-specific ability. In
fact, prior work has shown that lower switch costs in individuals
are associated with greater coupling of right and left MFG activity
and that such coupling is predicted by greater volume of anterior
regions of the corpus callosum (Baniqued et al., 2018). Such
findings are also consistent with the notion that engaging both
hemispheres is particularly helpful to task performance under
conditions of higher level demand (Banich, 1998), which well
describes EF tasks.

The third notable result with shifting-specific was the
considerable evidence implicating distinct portions of the rOR in
shifting-specific ability. Specifically, shifting-specific was found to
be associated with clusters of axial and radial diffusivity in two
adjacent portions of the optic radiation, as well as a second radial
diffusivity cluster where the optic radiation terminates in the
medial occipital lobe. Though the axial diffusivity optic radiation
cluster was the only cluster of these three to remain significant
after taking into account all other DTI clusters associated with
shifting-specific, the fact that we found associations between
shifting-specific and multiple portions of the optic radiation,
across multiple diffusion measures, provides converging evidence
for this relationship. Likely serving a supportive role to EF
mechanisms, the optic radiation, which spans from the lateral
geniculate nucleus to the occipital cortex (Yamamoto et al., 2007)
provides a pathway for visual information to travel from the
retina to the primary visual cortex. It is not entirely surprising
to find associations between behavioral measures grounded in
visual tasks to be associated with properties of the optic radiation,
properties which presumably may influence the rate and efficacy
with which visual information enters the visual cortex. Why a
relationship would be observed with shifting-specific and not the
more general common EF factor remains unclear and a potential
point of further inquiry.

Given the patterns observed, it is important to consider
potential explanations for associations between individual
differences in EF with neuroanatomical properties outside of
the classic brain regions thought to support EF. First, as
discussed above, the non-FPN regions associated with individual
differences in EF might indicate that individuals with higher
EF rely on a larger or more diverse set of brain regions
than those with lower EF. In other words, individuals who
have higher EF may employ additional brain systems while
performing EF tasks that are not engaged by individuals
who have lower EE or vice versa. Second, individuals with
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higher EF may have distinct anatomical characteristics of
regions that often are observed to work in opposition to the
FPN. The results indicated that better updating-specific was
associated with reduced area in two regions of the brain,
the superior medial frontal cortex and anterior sections of
the right superior/middle temporal gyrus, that are associated
with the DMN. Research has shown that activity in these
two networks are often anti-correlated (Fox et al., 2005). Of
course, it is impossible to determine patterns of activation
on the basis of neuroanatomy, so for now these ideas
are mainly speculative and will need to be evaluated by
investigations focused on individual differences in EF and brain
activation.

Comparing Current Results to Younger

Individuals

Another lens through which to interpret the results of this
study is in comparison to our previous examination (Smolker
et al., 2015) in which we similarly investigated the relationship
between neuroanatomy and these same aspects of EF (common
EF, updating-specific, shifting-specific). That study varied from
the present one in two ways. First, it was performed on a younger
sample of college-aged individual, who can be considered
emerging adults. Second, we used factor scores based on a
battery of three EF tasks (antisaccade, category-switch, and
keep-track) rather than six, as in the present study. As in
the current study, Smolker et al. (2015) found that common
EF was associated with white matter tracts that connect to
prefrontal and posterior regions, namely the rSLF. While the
relationship with the entire rSLF was only marginal in the
current sample, when we ran voxel-wise FA analyses within a
mask of the rSLE we found a significant positive association
between a portion of SLF-II and common EF, suggesting that
the rSLF is important to individual differences in common EF
across both emerging and young adulthood. In addition, as
in our prior study most of the associations observed with EF
in the current study occurred in brain regions outside of the
FPN.

However, the specific gray matter regions implicated and their
general directionality for the most part differed between the
two studies. Whereas reduced volume in bilateral ventromedial
PFC was associated with better cEF in emerging adults, the
current study found increased rFP/MFG volume to be associated
with better cEF performance in our young adult sample. In the
emerging adult sample, better updating-specific was associated
with reductions in gray matter volume in left dIPFC, while
the current study found increased updating-specific associated
with reductions in surface area of a medial cluster of the right
SEG, reductions in surface area of a cluster in right anterior
temporal lobe, and increases in thickness of a cluster spanning
cuneus/precuneus. The current study did not find any significant
associations between shifting-specific ability and regional gray
matter morphometry, whereas in our prior study there was an
association between better shifting-specific ability and reduced
gray matter volume in left ventrolateral PFC (BA 10/47).
Additionally, whereas Smolker et al. (2015) found associations
between shifting-specific and mean fractional anisotropy of

the inferior frontooccipital fasciculus, in the current sample
shifting-specific was not associated with FA anywhere in the
brain, and instead was associated with mean diffusivity, radial
diffusivity, and axial diffusivity within a number of regional
clusters.

Though no formal tests were carried out comparing the
current sample with the younger sample in Smolker et al.
(2015), we speculate that the discrepancies between these
two studies may emerge from differences in the age of
the participants. At a mean age near 29 years, the current
study employed a sample which is almost a decade older
on average than the sample used in Smolker et al. (2015).
By age 30 or so, aspects neurodevelopment, particularly of
the PFC, have likely stabilized (Sowell et al., 2003), whereas
neurodevelopment was likely still on-going in the younger
sample (Smolker et al,, 2015). Supporting this conjecture, we
found that reductions in volume were associated with EF in
Smolker et al. (2015), suggestive that greater developmental
pruning is associated with better EF. In that sample we also
found that local gryification index was a potent predictor of
individual differences in EF, but observed no relationships with
local gyrification index in the current study. Local gyrification
index has been found to show reductions during the late
teens/early 20s (Klein et al., 2014), likely driven by increases
in underlying white matter characteristics (Ribeiro et al., 2013).
This pattern also suggests that on-going developmental processes
may be influencing associations with EF in this younger sample.
Such findings are consistent with prior studies indicating that
neurodevelopment has profound effects on the brain regions
utilized for specific cognitive functions (Rubia et al., 2000).
Nonetheless, the current study coupled with Smolker et al. (2015)
do not provide a clear trajectory of how the neuroanatomical
characteristics associated with EF change during the 20s. Large-
scale longitudinal studies will be needed to investigate the
dynamic evolution of the neural systems associated with EF
performance.

Limitations and Future Directions

The current study is not without limitations. First, a limitation
to the current study is that analyses were carried out
in a univariate fashion, despite evidence that behaviorally
relevant neuroanatomical properties segregate into multivariate
components (Xu et al., 2009a,b; Brown et al., 2012). Second, the
age range of our participants is rather restricted, which may bring
about reduced variability in neuroanatomy between subjects. On
the other hand, having such a large sample in this relatively
narrow age range, provided a clear picture of the associations
between brain anatomy and EF during young adulthood. An
additional limitation is that, without testing in a replication
sample, it is unclear if the current results reflect biologically real
associations or chance variation that can influence such studies.
Finally, despite having a sample of twins and more power than
most neuroimaging studies, we are currently underpowered for
twin models. Following the completion of data collection for the
larger study of which this project is a part, we plan to investigate
(1) the replicability of the current findings in a well-matched
replication sample, and (2) the degree to which neuroanatomical
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correlates of individual differences in EF are driven by genetic or
environmental factors.

CONCLUSION

Within a sample of developmentally mature young adults,
common EF and updating-specific were associated with distinct
properties of regional gray matter morphometry and the
location of these features fell both within and outside of the
FPN. Additionally, common EF was associated with fractional
anisotropy of clusters in the rSLF and IATR while shifting-specific
was associated with diffusion properties of multiple white matter
tracts throughout the brain. These results suggest that individual
differences in EF are associated with properties of neural systems
of not only brain regions classically thought to support EE, but
also brain systems associated with processes not traditionally
conceptualized as supporting EF. These latter regions fall into one
of two categories: those that are likely to support higher-order,
amodal cognitive processes (e.g., goal maintenance, semantic
processing) or those that allow for improved categorization
of relevant perceptual information (e.g., visual processing and
attentional control areas), both of which could aid performance
during complex EF tasks. Coupled with the white matter findings,
these results suggest that individuals with higher EF may have
a more expanded, integrated and/or connected neural substrate
associated with EF performance, a hypothesis that should be
tested further by multimodal follow up studies. The current
findings show distinct patterns of neuroanatomy-EF associations
from what we have observed in younger individuals (Smolker
et al, 2015), suggesting that the significant development of
cortical organization occurring well into the third decade of
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The brain is organized into a number of large networks based on shared function, for
example, high-level cognitive functions (frontoparietal network), attentional capabilities
(dorsal and ventral attention networks), and internal mentation (default network). The
correlations of these networks during resting-state fMRI scans varies across individuals
and is an indicator of individual differences in ability. Prior work shows higher cognitive
functioning (as measured by working memory and attention tasks) is associated with
stronger negative correlations between frontoparietal/attention and default networks,
suggesting that increased ability may depend upon the diverging activation of networks
with contrasting function. However, these prior studies lack specificity with regard
to the higher-level cognitive functions involved, particularly with regards to separable
components of executive function (EF). Here we decompose EF into three factors
from the unity/diversity model of EFs: Common EF, Shifting-specific EF, and Updating-
specific EF, measuring each via factor scores derived from a battery of behavioral tasks
completed by 250 adult participants (age 28) at the time of a resting-state scan. We
found the hypothesized segregated pattern only for Shifting-specific EF. Specifically,
after accounting for one’s general EF ability (Common EF), individuals better able to
fluidly switch between task sets have a stronger negative correlation between the
ventral attention network and the default network. We also report non-predicted novel
findings in that individuals with higher Shifting-specific abilities exhibited more positive
connectivity between frontoparietal and visual networks, while those individuals with
higher Common EF exhibited increased connectivity between sensory and default
networks. Overall, these results reveal a new degree of specificity with regard to
connectivity/EF relationships.
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INTRODUCTION

Executive functions (EFs) are a set of higher-level cognitive
abilities that contribute to the maintenance, implementation,
and modification of goals (Banich, 2009; Friedman and Miyake,
2017). Classically, EFs have been linked to frontal lobe function
based on both studies of individuals with localized lesions
(Stuss and Alexander, 2000; Alvarez and Emory, 2006) and on
task-based functional magnetic resonance imaging studies (fMRI;
Wager and Smith, 2003; Wager et al., 2004). Recent work has
begun to examine other potential neural correlates of EFs, in
particular, connectivity between large scale brain systems. Brain
systems can be studied in many contexts. For example, networks
of brain regions that are involved in similar processes (functional
networks) are observed in task-based fMRI studies when specific
cognitive constructs are targeted with subtraction-based methods
and in fMRI studies of resting-state functional connectivity.
Resting-state functional connectivity refers to the observation
that regions of related function have similar time courses of low
frequency BOLD signal when individuals are asked to merely
relax inside an fMRI scanner. The resting state is a particularly
interesting context because it is mostly free of instruction-related
demands on participants and provides a measure of coordination
(time course correlation) between functional networks that is
highly stable (Shehzad et al., 2009; Choe et al., 2015).

While an intact frontal system may be necessary for
performing EF tasks, high functioning may depend upon
the segregation of EF-related mechanisms from contrasting
mechanisms such as those related to internal mentation. Prior
work in the clinical domain has found that depression is
associated with co-activation of resting-state brain systems
responsible for cognitive control and internal mentation (Kaiser
et al.,, 2016), which is one possible explanation for EF-related
deficits that are frequently observed in individuals suffering from
depression and/or other forms of psychopathology (Snyder et al.,
2015). In addition, some preliminary work in neurologically
normal individuals has shown that variation in connectivity
between networks is linked to individual differences in cognitive
ability. For example, altered connectivity between networks
responsible for externally- versus internally directed attention
has been observed in individuals with high versus low working
memory ability as measured by both sequencing and span
tasks (Keller et al., 2015) and across individuals with variations
in attentional control ability (Kelly et al, 2008). The tasks
used in these studies index some cognitive abilities specific
to working memory and attentional mechanisms, respectively,
but also measure common mechanisms such as the ability
to learn/maintain complex rules or insulate task goals from
competing personal thoughts, abilities shared across many
EF tasks. Thus, the nature of these previously reported
brain/behavior relationships are imprecise due to task impurity,
leading to the question of whether network connectivity is a
neural correlate of processes common to many cognitive tasks or
those specific to a particular task or operation.

The current study utilizes a multitask EF battery to more
specifically investigate the link between network connectivity
and EFs. We utilize the Unity/Diversity model of EF, an

influential framework that re-parameterizes variance in three
commonly studied EF processes (prepotent response inhibition,
mental set shifting, and working memory updating) into three
orthogonal latent factors (Miyake and Friedman, 2012; Friedman
and Miyake, 2017). The first factor, Common EF, accounts for
performance on all EF tasks, and is thought to reflect the ability
to actively maintain and implement a task goal or attentional set.
Two orthogonal diversity factors predict additional variance in
the shifting and updating tasks. Shifting-specific EF is thought to
reflect the speed with which one can clear goals that are no longer
relevant, beyond those goal-management processes recruited in
Common EF. Similarly, Updating-specific EF reflects working
memory operations that are not captured by Common EF, such
as gating and possibly episodic retrieval. There is no evidence
for an inhibition-specific factor, suggesting that individual
differences in response inhibition are captured by Common EF
(Friedman and Miyake, 2017). Hence, this framework captures
both unity (Common EF) and diversity (Shifting-specific and
Updating-specific) of EFs.

Although prior work has focused on the correlation of
specific regions of interest within the functional networks
implicated in externally and internally directed attention, we
utilize a whole-cortex network approach so as to not limit
ourselves to specific, subjectively chosen functional regions of
interest. This approach also affords the potential to reveal novel
network connectivity/EF relationships. There is overwhelming
evidence of functional networks from parcellation studies of
brain activity during resting-state scans (Power et al,, 2011; Yeo
et al., 2011). For the current analysis, we chose a popular low-
dimensionality solution as determined by a clustering analysis
of resting-state scans from over 1000 individuals; this solution
describes seven networks: visual, sensory/somatomotor, dorsal
attention, ventral attention, salience, default, and frontoparietal
networks (Yeo et al., 2011; the authors also provide a 17-network
solution we utilize to provide more detail on EF-related
connections).

Within this framework, visual and sensory-somatomotor
networks are well-characterized and contain regions located in
close proximity to V1 and the sensory/motor strips, respectively.
The limbic network contains predominantly orbitofrontal cortex
(Mega et al., 1997), which is involved in affect, valuation, and
decision-making. The remaining networks of the seven-network
parcellation can broadly be categorized as task positive or task
negative based on whether or not their activation typically
increases or decreases, respectively, during difficult, externally
directed cognitive control tasks when compared to baseline.
In the parcellation provided by Yeo and colleagues, there
are three task-positive networks — the frontoparietal, dorsal
attention, and ventral attention networks — that are implicated
in the various levels of control needed to perform directed
tasks. The dorsal attention network is involved in top-down
biasing of attention during goal pursuit, whereas the ventral
attention network is involved bottom up attentional processes
such as reorienting or filtering of attention toward sensory
information in the environment that may be goal-related
(Vossel et al., 2014). The frontoparietal network is implicated
in higher-level functions such as fine adjustment of current
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behavior in response to changes in task demands (Dosenbach
et al., 2008). The task-negative network is the default network,
which is a set of midline frontal, posterior cingulate, and
middle temporal areas implicated in a family of self-related
processes such as imagination and reminiscence (Andrews-
Hanna, 2011). The typical decrease in BOLD signal of the
default network during difficult externally directed tasks is
explained as a decreased focus on the internal world and
redirection of attention to the demanding task (Fox et al,
2005).

We examined the hypothesis that individual differences in
EFs are associated with individual differences in correlation
strength between task-positive and task-negative networks. Prior
studies have found evidence of hypoconnectivity (decreased
positive/increased negative connectivity) in individuals with
higher working memory span and sequencing ability (e.g., Keller
etal., 2015). However, due to ambiguity in the exact EF processes
measured by these previous studies, we examine three EF factors
to determine whether task-positive-to-task-negative network
connectivity is linked to EF mechanisms that are common to
many tasks (Common EF) or to a more specific EF ability such
as Updating-specific or Shifting-specific abilities. Specifically, we
test for connectivity-EF relationships in six models predicting
each of six pairwise relationships between the frontoparietal,
dorsal attention, ventral attention, and default networks from
three EF factors, reporting only those relationships that withstand
correction for the six models.

One advantage of the current study is that it used a larger
sample size (N = 250) than typically employed in prior studies
of this nature. This approach afforded us the opportunity
to investigate two supplemental research questions regarding
connectivity-EF relationships that might not have emerged in
previous studies of small samples and single EF measures. First,
does high Common EF, Shifting-specific, or Updating-specific
ability relate to hyperconnectivity (increased positive/decreased
negative connectivity) between systems with complementary
functions such as the frontoparietal and the dorsal/ventral
attention networks or between the dorsal and ventral attention
networks themselves? This question is motivated by a finding
that stronger positive connectivity between dorsal attention and
frontoparietal networks is associated with higher performance
on the stop signal task, which is typically considered a measure
of inhibitory control (Tian et al., 2013), as well as evidence
that task-positive regions become and stay hyperconnected
after a challenging EF task (Gordon et al., 2012). Second,
is hypo- or hyperconnectivity between lower-level sensory and
higher-level cognitive networks related to individual differences
in EFs? This question is motivated by prior resting-state
work from our group in a younger and smaller sample in
which we found Common EF and Shifting-specific ability
was linked to the functional connectivity characteristics of
lower-level sensory areas (Reineberg and Banich, 2016). Finally,
we follow up our primary analyses using a finer-grained
network parcellation (n = 17) to test spatial specificity (e.g.,
are brain-EF relationships isolated to particular subcomponents
of task-positive networks versus the network at coarse level of
analysis?).

MATERIALS AND METHODS

Participants
Participants were 250 individuals from the ongoing Colorado
Longitudinal Twin Study [LTS; Mg = 28.7 vyears,

SD(agey = 0.57 years; 97 males], who completed a resting
state scan as part of a larger testing session. Data from an
additional 15 participants were excluded, because they showed
excessive levels of movement during the scanning session based
on the criteria of greater than 2 mm translation (motion in X,
Y, or Z plane) or 2 degrees rotation (roll, pitch, or yaw motion)
(n = 14), and failure of the presentation computer to display
a fixation cross during the resting scan (n = 1). Of the 250
individuals, there were 54 pairs of monozygotic (MZ; identical)
twins, 45 pairs of same-sex dizygotic (DZ; fraternal) twins, 24
MZ twin singletons, and 28 DZ twin singletons. Singletons are
members of twin pairs whose co-twins either did not participate
or were excluded from analysis. All LTS participants were
recruited from the Colorado Twin Registry based on birth
records, and is representative of the Colorado population at the
time of recruitment (see Rhea et al., 2006, 2013 for additional
details). Based on self-report, the LTS sample is 92.6% White,
5.0% “more than one race, <1% American Indian/Alaskan
Native, <1% Pacific Islander; 1.2% did not report race. Hispanic
individuals composed 9.1% of the sample. Participants were
paid $150 for participation in the 3-h study; those who did not
finish the entire protocol were paid $25 per half hour. All study
procedures were approved by the Institutional Review Board of
the University of Colorado Boulder.

Procedure

The study session involved the administration of behavioral tasks
that measured EF ability as well as acquisition of anatomical
and functional brain data via MRI. Testing took place in a
single 3-h session. Following informed consent, participants
were familiarized with the imaging procedures including practice
versions of the behavioral tasks to ensure comprehension later
in the scanner. They also completed some interviews and
questionnaires, then completed a 1.5-h scanning session that
began with a structural scan followed by a 6-min resting state,
three EF tasks (antisaccade, keep track, and number-letter, in that
order), and a diffusion tensor imaging sequence (not analyzed
here). The current study only utilizes behavioral data (i.e.,
reaction time, accuracy) acquired during functional scanning
of the antisaccade, keep track, and number-letter tasks. After
the scan, participants returned to a behavioral testing room to
complete three additional EF tasks (Stroop, category-switch, and
letter memory, in that order). If both twins of a pair participated
on the same day, the twins completed the protocol sequentially
(twin order randomized) with the same ordering of behavioral
testing and imaging acquisition.

Brain Imaging

Participants were scanned in a Siemens Tim Trio
3T  scanner. Neuroanatomical data were acquired
with  T1-weighted MP-RAGE  sequence [acquisition
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parameters: repetition time (TR) = 2400 ms, echo time
(TE) = 2.07, matrix size = 320 x 320 x 224, voxel
size = 0.80 mm x 0.80 mm x 0.80 mm, flip angle (FA) = 8.00
deg., slice thickness = 0.80 mm]. Resting state data was
acquired with a T2*-weighted echo-planar functional
scan [acquisition parameters: number of volumes = 816,
TR = 460 ms, TE = 27.2 ms, matrix size = 82 x 82 x 56,
voxel size = 3.02 mm X 3.02 mm X 3.00 mm, FA = 44.0 deg.,
slice thickness = 3.00 mm, field of view (FOV) = 248 mm].
During the resting-state scan, participants were instructed
to relax and stare at a fixation cross while blinking as they
normally would. We based this decision on suggestions in the
literature indicating that eyes open and fixated is the optimal
instruction for maximizing reliability (Zou et al., 2015). In
addition, this approach is thought to minimize the variability
that is observed in the visual processing stream when participants
are instructed to keep their eyes closed versus open during the
resting scan. Visual network variability seemingly comes from
top-down imagination/visualization processes, although the
exact mechanism is unknown (Patriat et al., 2013).

Measures

A strength of the LTS sample is a detailed characterization of EF
ability. Specifically, rather than measuring EFs with only a single
task, we calculated EF factor scores from the six tasks completed
on the day of the scan.

Antisaccade Task

This task was adapted for fMRI from Roberts et al. (1994). Only
behavioral performance was analyzed for the current manuscript.
Antisaccade captures the ability to maintain and execute a
task set in the face of distracting information; specifically, it
requires inhibiting prepotent eye movements (Miyake et al.,
2000). In the scanner version, participants completed 20 s blocks
of prosaccade, antisaccade, and rest (fixation) trials (12 blocks of
each across two runs; 5 trials per block for the prosaccade and
antisaccade blocks), each was preceded by a jittered instruction
(TOWARD, AWAY, or FIXATION for 2, 4, or 6 s). On each
trial, after a jittered fixation lasting 1-3 s, a small visual cue
flashed on one side of the computer screen for 234 ms, followed
by a target (a digit from 0 to 9) that appeared for 150 ms
before being masked. The mask lasted 1650 ms, during which
time the participant vocalized the target. The cue and target
appeared on the same side of the screen during prosaccade trials
and opposite sides during anti-saccade trials. Hence, in order
to identify the number on the antisaccade trials, participants
had to avoid the automatic tendency to saccade to the cue
and instead immediately look in the opposite direction. The
dependent measure was the proportion of correctly identified
targets on the 60 anti-saccade trials.

Stroop Task

This task was adapted from Stroop (1935). Stroop captures the
ability to maintain a task set in the face of pre-potent distracting
information, specifically, inhibiting the prepotent tendency to
read words. Participants verbally indicated the font color (red,
blue, or green) of text presented on a black screen as quickly as

possible, with reaction time measured via a ms-accurate voice
key. Trials were divided up into three types: a block of 42 neutral
trials consisting of asterisks (3-5 characters long) presented in
one of three colors (red, blue, and green); a block of 42 congruent
trials consisting of color words that matched the font color (e.g.,
the word “RED” displayed in red font); and two blocks of 42
trials each of incongruent trials consisting of color words that did
not match the font color (e.g., the word “RED” displayed in blue
ink). Each word disappeared as soon as the voice key detected
the response, and the next word appeared after a 250 ms white
fixation. The dependent measure was the mean reaction time
difference between correct incongruent and neutral trials.

Keep Track Task

This task was adapted for fMRI from Yntema (1963). Only
behavioral performance was analyzed for the current manuscript.
Keep track captures the ability to maintain and update
information in working memory. On each trial in the scanner
version, participants were given 3 or 4 target categories (animals,
colors, countries, distances, metals, or relatives) that remained on
the screen throughout the trial. After viewing a serial list of 16
words drawn from 6 categories (one word every 2 s), they saw
a “?22” prompt on the screen for 10 s, during which they orally
recalled the last exemplar of each target category. Because each
list contained 1-3 exemplars of each category, they had to update
which words to remember and ignore words from irrelevant
categories. In addition to these “Remember” trials, the scanner
version of the task included baseline conditions of “Read” trials,
in which participants just silently read the words without trying
to remember them, and 20 s rest (fixation) trials. Each trial type
was preceded by a jittered instruction (REMEMBER, READ, or
FIXATION for 2, 4, or 6 s). There were three runs, each with 3
recall trials (two with 4 words to recall and one with 3), 3 read
trials, and 3 rest trials. The behavioral dependent measure was the
proportion of the 45 words correctly recalled out of all remember
trials.

Letter Memory

This task was adapted from Morris and Jones (1990). Letter
memory captures the ability to maintain and update items in
working memory. In each trial, participants saw a series of 9, 11,
or 13 consonants, with each letter appearing for 3 s. As each letter
appeared, they had to say aloud the last four letters, including
the current letter. The dependent measure was the proportion of
132 sets correctly rehearsed (i.e., the last 4 letters reported in the
correct order) across 12 trials.

Number-Letter Task

This task was adapted for fMRI from Rogers and Monsell (1995).
Only behavioral performance was analyzed for the current
manuscript. Number-letter captures the ability to shift between
mental sets. In each trial of the scanner version, participants
saw a box sectioned into four quadrants. The borders of
one quadrant were darkened (i.e., cued) for 350 ms, then a
number-letter or letter-number pair (e.g., 4K) appeared inside
until it was categorized. The participant had to categorize the
number (top 2 quadrants) or letter (bottom 2 quadrants) as
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odd/even or consonant/vowel, respectively, using two buttons
on a button box. The stimuli disappeared from the screen
when categorized, and there was a 350 ms response-to-cue
interval. The trials were arranged in blocks, and rest blocks
(20 s) were intermixed with the task blocks. Each block was
preceded by a jittered instruction (TOP, BOTTOM, MIXED, or
FIXATION for 2, 4, or 6 s) that indicated where the stimuli
would appear for that block. In mixed blocks, half the trials
were repeat trials in which the task stayed the same as the
previous trial; the other trials required a switch in categorization
task. Each block consisted of 13 trials, with the first trial not
counted because it was neither switch nor repeat. There were
two runs, each containing eight mixed blocks, eight single-task
blocks (four each number and letter blocks), and rest blocks.
The behavioral dependent measure was the local switch cost —
the difference between average response times on correct switch
and no-switch trials within mixed blocks (96 trials of each

type).

Category-Switch Task

This task was adapted from Mayr and Kliegl (2000). Category-
switch captures the ability to shift between mental sets. In
each trial, participants categorized a word according to animacy
(i.e., living vs. non-living) or size (i.e., smaller or larger than
a soccer ball), depending on a cue (heart or crossed arrows,
respectively) that preceded the word by 350 ms and remained
above the word until the participant responded with one
of two buttons on a button box. The stimuli disappeared
from the screen when categorized, and there was a 350 ms
response-to-cue interval. A 200-ms buzz sounded for errors.
The task began with two single-task blocks of 32 trials each,
in which participants categorized words only by animacy then
only by size. Then participants completed two mixed blocks
of 64 trials each, in which half the trials required switching
the categorization criterion. The dependent measure was the
local switch cost — the difference between average response
times on correct switch and no-switch trials within mixed

blocks.

Data Analysis

EF Data

Scores on the six EF tasks were subjected to the same trimming
and transformation used in prior studies to improve normality
and reliability (Friedman et al., 2016). Specifically, correct
reaction times were trimmed within-subject to obtain the best
measures of central tendency within conditions (Wilcox and
Keselman, 2003). Additionally, within the number-letter and
category-switch tasks, trials following error trials were excluded,
as determining switch versus repeat trials is dependent on the
preceding trial. Following within-subject reaction time trimming,
extreme high and low scores at the between-subjects level
(greater than 3 SDs from the group mean) were Windsorized
(replaced with the cutoff value of 3 SDs above or below
the mean, respectively) to improve normality and reduce the
impact of extreme scores while maintaining these scores in the
distribution.

Factor scores were extracted via a confirmatory factor
analysis in Mplus 8.0 (Muthén and Muthén, 1998-2017), with
all six EF tasks loading on Common EE the keep track and
letter memory tasks loading on the orthogonal Updating-
specific factor, and the number-letter and category-switch
tasks loading on the orthogonal Shifting-specific factor.
The loadings were equated (after scaling the measures
to have similar variances) within the Updating-specific
and Shifting-specific factors to identify these two-indicator
factors.

Preprocessing

All processing of brain data was performed in a standard
install of FSL build 5.09 (Jenkinson et al., 2012). To account
for signal stabilization, the first 10 volumes of each individual
functional scan were removed, yielding 806 volumes per subject
for additional analysis. The functional scans were corrected
for head motion using MCFLIRT, FSLs motion correction
tool. Brain extraction (BET) was used to remove signal
associated with non-brain material (e.g., skull, sinuses, etc.).
FSLs FLIRT utility was used to perform a boundary-based
registration of each participants functional scan to his or
her anatomical volume and a six-degree-of-freedom affine
registration to MNI152 standard space. LTS scans were
subjected to AROMA, an automated independent components
analysis-based, single-subject de-noising procedure (Pruim et al.,
2015). Signal was extracted from masks of the lateral ventricles,
white matter, and whole brain volume and regressed out
along with a set of six motion regressors and associated first
and second derivatives. The scans were band-pass filtered
(0.001-0.08 Hz band). Finally, time courses for each of the
functional networks of interest were extracted for each individual
with FSLs “fslmeants” command (Jenkinson et al., 2012) using
the network templates provided by Yeo and colleagues as a
mask.

Statistical Models

We used the time courses generated by the procedure
outlined above to determine whether or not individual
differences in network-to-network connectivity are associated
with variation in EF ability. We calculated network-to-network
connectivity as Fisher’s z-corrected Pearson’s r-values for
all pairwise relationships between functional networks of
interest. We then performed a multiple regression analysis
regressing network-to-network connectivity on Common EF
Shifting-specific, and Updating-specific factor scores as well as
gender and mean translation and rotation movement during
the resting-state scan. To account for non-independence of twin
pairs, we utilized the “type = complex” option in Mplus. This
option uses a sandwich estimator to obtain standard errors
corrected for familial clustering. The relevant measures were
treated as approximately continuous variables using the robust
maximum likelihood (MLR) estimator.

Because we had genetically informative data, we evaluated
whether significant associations were present within-families
and/or between-families, using a multilevel twin difference model
(Vitaro et al., 2009). Specifically, we used a random intercepts
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model of the connection strength, with level 1 (within-family)
predictors of each twin’s deviation from his or her family mean of
Common EF, Shifting-specific, and Updating-specific score (i.e.,
cluster-centered), as well as grand-mean-centered translation
and rotation. The slopes for the within-family Common EE
Shifting-specific, and Updating-specific effects were allowed to
vary by zygosity, but were not allowed to have residual variance
(i.e., we specified these slopes as random, regressed them on
zygosity at level 2, and fixed their residual variances to zero).
At level 2 (between), we regressed the random intercept on the
family means for Common EF, Shifting-specific, and Updating-
specific scores, as well as sex (which did not vary within
families). We standardized all continuous variables to obtain
parameter estimates in standard deviation units. The Mplus

syntax for this model is provided in the Supplementary
Material.

RESULTS

Behavioral Data

Descriptive statistics for all behavioral tasks are provided
in Table 1A, while the factor scores for Common EF
Shifting-specific EF, and Updating-specific EF are provided in
Table 1B. In latent variable form, Common EF, Shifting-specific,
and Updating-specific are orthogonal; however, their factor
scores are moderately correlated because they are imperfect
approximations of latent variables (factor score indeterminacy).

TABLE 1 | Descriptive statistics for executive function tasks, measures, and correlations among resting-state networks.

Descriptive statistics

Mean Std Minimum Maximum Skewness Kurtosis Reliability
(A) Antisaccade 43.87% 21.35 5.00 96.67 0.37 -0.67 0.90*
Stroop 154.44 ms 77.34 -3.14 395.60 0.81 0.67 0.96*
Keep track 75.63% 1412 34.22 100.00 —0.66 0.03 0.74"
Letter memory 71.48% 14.01 35.61 100.00 0.06 -0.87 0.93"
Number-letter 171.12ms 106.01 —41.36 508.88 0.84 0.89 0.81*
Category switch 203.79 ms 175.29 —64.78 744.85 1.33 1.49 0.94*
Mean Std Minimum Maximum Skewness Kurtosis
(B) Common EF 0.017 0.830 —2.202 2.083 0.027 -0.415
Shifting-specific —0.015 0.748 —2.571 1.566 —-0.717 0.359
Updating-specific 0.011 0.602 —1.938 1.624 —0.343 0.092
Mean Std Minimum Maximum Skewness Kurtosis
(C) V_to_SM —0.224 0.341 —1.172 0.844 0.215 0.229
V_to_DAN 0.254 0.310 —0.529 1.017 0.010 —0.560
V_to_VAN -0.092 0.359 —-1.173 0.729 —0.333 0.086
V_to_L -0.372 0.293 —1.364 0.492 —0.200 0.322
V_to_FP —0.431 0.289 —1.280 0.265 —0.243 —0.101
V_to_DEF —0.496 0.287 —1.202 0.365 —0.038 —0.075
SM_to_DAN —0.054 0.303 —1.260 0.769 —0.304 0.483
SM_to_VAN 0.407 0.337 —0.733 1.266 —0.019 0.603
SM_to_L -0.101 0.314 —0.948 0.720 -0.152 -0.126
SM_to_FP -0.387 0.296 —1.111 0.348 0.021 —0.349
SM_to_DEF —-0.227 0.301 —0.943 0.726 0.196 —-0.196
DAN_to_VAN 0.360 0.335 —0.635 1.293 —0.249 0.264
DAN_to_L —0.393 0.292 —1.140 0.515 0.130 —0.022
DAN_to_FP 0.144 0.327 —0.663 0.968 —0.104 —0.471
DAN_to_DEF -0.917 0.289 —1.628 —0.030 0.369 0.006
VAN_to_L -0.323 0.303 —1.059 0.553 0.246 —0.346
VAN_to_FP 0.069 0.321 —-0.737 0.976 —0.002 —0.170
VAN_to_DEF -0.823 0.332 —1.663 0.360 0.397 0.184
L_to_FP —0.096 0.336 —1.024 0.833 —0.032 —0.333
L_to_DEF 0.614 0.331 —-0.318 1.687 —0.030 —0.158
FP to DEF —0.020 0.332 -0.875 0.979 0.131 -0.243

(A) Descriptive statistics for six EF tasks. (B) Descriptive statistics for Common EF, Shifting-specific EF, and Updating-specific EF. (C) Descriptive statistics for
correlations amongst seven resting-state networks. V, visual network; SM, sensory/somatomotor network; DAN, dorsal attention network; VAN, ventral attention
network; FF, frontoparietal network; DEF, default network. For example, the mean for V_to_SM is Fishers’ z-transformation of Pearson’s correlation between visual
and sensory/somatomotor networks. *Split-half reliability (odd/even for Stroop and Category-switch or run1/run2 for antisaccade and numberletter), adjusted with the
Spearman-Brown prophecy formula. " Chronbach’s alpha across 3 runs for keep track and 4 sets of trials for letter memory.
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Factor score determinacy estimates for the complete data pattern
were 0.83, 0.75, and 0.60 for Common EF Shifting-specific
EE, and Updating-specific EE, respectively. Common EF was
positively correlated with Updating-specific EF (r = 0.33,
p < 0.001) and Shifting-specific EF (r = 0.20, p < 0.001), whereas
Updating-specific EF and Shifting-specific EF were negatively
correlated (r = —0.33, p < 0.001).

Mean Network Connectivity

Average connectivity among all seven functional networks
provides some assurance the current sample is consistent
with prior work and serves as a validity check. Figure 1
shows all group average pairwise correlations between each
of the seven functional networks, while descriptive statistics
for all network-to-network connectivity measures are provided
in Table 1C. As expected, there is an average positive
connectivity between dorsal and ventral attention networks, and
an average negative connectivity between the default network
(i.e., implicated in internally directed attention) and attention
networks (i.e., implicated in external attention). However,

the relationship between the frontoparietal and default network
was slightly positive, on average.

Relationship Between Network

Connectivity and EF

Analysis of Higher-Level Cognitive Networks -
General

The primary analyses used to investigate network connectivity
and individuals differences in levels of EF were six multiple
regression models in which each pairwise connection between
the default, frontoparietal, dorsal attention, and ventral attention
networks was regressed on the Common EF Shifting-specific,
and Updating-specific factor scores while controlling for
a summary of motion during the resting-state scan and
gender. After Bonferroni correcting for these six models
(alpha = 0.05/6 = 0.0083), we found one EF parameter
estimate was statistically significant: Individuals with higher
Shifting-specific scores had reduced connectivity between the
ventral attention and default networks (Figure 2; standardized
beta = —0.181, p = 0.005). This particular connection was strongly
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FIGURE 1 | Average network connectivity. Fisher’s z-transformation of Pearson’s correlation between each pair of seven functional networks. V, visual network; SM,
sensory/somatomotor network; DAN, dorsal attention network; VAN, ventral attention network; FP, frontoparietal network; DEF, default network.
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FIGURE 2 | Relationship between Shifting-specific factor scores and ventral attention-to-default network connectivity.

negatively correlated across the group, so, individuals with
better Shifting-specific ability had stronger negative correlations
between these two systems.

To further explore this finding, we investigated the spatial
specificity of the connectivity between the ventral attention
network and the default network as it relates to Shifting-specific
EFE, by using the multiple ventral attention and default network
subcomponents from Yeo et al. (2011) 17-network parcellation.
This parcellation divides the ventral attention network into
two subcomponents that are primary differentiated by involving
anterior as compared to posterior divisions of all the key
cingulate, insular, and temporal/parietal areas. The default
network is divided into four subcomponents: three are divisions
of the midline hubs and lateral parietal aspects of the default
network, and another is best described as the temporal
lobe subsystem of the default network. Our supplemental
analysis found higher Shifting-specific was associated with more
negative connectivity of the posterior ventral attention subsystem
(Figure 3, blue) and the hub subsystems of the default network
(Figure 4, blue), but notably not the temporal lobe subsystem of
the default network.

Additionally we considered some other aspects of our
findings. While statistically significant but not passing correction
for multiple comparisons we found that individuals with
higher Shifting-specific scores had reduced connectivity between
frontoparietal and ventral attention networks (standardized
beta = —0.159, p = 0.032), See Table 2A for standardized beta
weights for all models of a priori interest.

Moreover, due to multiple reports of frontoparietal-to-
default hypoconnectivity being significantly associated with
working memory span/sequencing, we specifically interrogated

this relationship. Although the direction of the relationship for
Common EF was consistent with these prior reports, such that
higher Common EF scores were associated with hypoconnected
frontoparietal and default networks, the effect was not significant
(standardized beta = —0.110, p = 0.142).

Analysis of Higher-Level Cognitive Networks -
Genetic Influences

Because we had genetically informative data, we evaluated
whether the significant association between Shifting-specific
ability and the connectivity of ventral attention and default
networks was influenced by genetic factors. To do so, we used
a multilevel twin difference model (Vitaro et al., 2009). If the
effect is significant within MZ twin pairs (i.e., the twin with the
higher Shifting-specific score has a more negative connection
between ventral attention and default networks), it suggests
the effect is due to non-shared environmental influences that
affect both connection strength and Shifting-specific ability.
Such a finding would be consistent with, but not assuring
of, a causal effect. A between-family effect suggests that
differences between families (which can include genetic and
shared environmental effects such as socioeconomic status)
drive the association. We found a significant between-family
effect (beta = —0.159, p = 0.022) of Shifting-specific EF on the
connection strength between the ventral attention and default
networks. The within-family effect was not significant averaging
across zygosity (beta = —0.126, p = 0.303), but there was a
marginally significant interaction of the within effect by zygosity
(beta = 0.468, p = 0.053), such that there is a marginally
significant within effect for MZ pairs (simple effect beta = —0.354,
p = 0.055) but not DZ pairs (simple effect beta = 0.114,
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lateral

FIGURE 3 | Spatial specificity of ventral attention network subsystems. The ventral attention network from the 7-network parcellation (blue + green) breaks into two
subsystems in the 17-network parcellation: anterior (green) and posterior (blue).

FIGURE 4 | Spatial specificity of default network subsystems. The default network from the 7-network parcellation (blue + purple + red + green) breaks down into
four subsystems in the 17-network parcellation: hub subsystem (blue), superior and lateral frontal/inferior temporal cortex subsystem (purple), superior temporal lobe
subsystem (red), and posterior cingulate/precuneal (green) subsystems.

p = 0.469). Together, these effects are evidence suggesting genes  Exploratory Analysis of Sensory Networks

and shared environments influence the relationship between Our final analyses explored associations of connectivity
Shifting-specific EF and connectivity and preliminary evidence between higher-level and lower-level systems and Common
of non-shared environmental influences. EE Shifting-specific EF, and Updating-specific EF. Specifically,
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we used the same multiple regression models described above to
predict pairwise connections between the higher-level cognitive
networks discussed above and the visual and somatomotor
networks, respectively. We found higher Shifting-specific was
associated with greater positivity connectivity between the
visual network and the frontoparietal network (standardized
beta = 0.172, p = 0.017), the visual network and dorsal attention
network (standardized beta = 0.173, p = 0.010), and the
visual network and ventral attention network (standardized
beta = 0.176, p = 0.007). Hence, higher Shifting-specific EF
is associated with greater positive connectivity between the
visual network and higher-order executive/attention networks.
In addition, higher Common EF was associated with a more
negative relationship between activity in the somatomotor
and dorsal attention network (standardized beta = —0.171,
p = 0.014) and with a more positive relationship between
the somatomotor and default network activity (standardized
beta = 0.203, p = 0.005). However, no exploratory results were
significant after Bonferroni correction for the six original and
eight additional models (alpha = 0.05/14 = 0.0036). See Table 2B
for standardized beta weights for all models of exploratory
interest.

DISCUSSION

We investigated the associations between three EF components
and coordination among large scale brain systems, with a
particular focus on brain systems involved in higher-level
cognition. We found that better abilities specific to quickly
shifting between task sets, as measured by a Shifting-specific

TABLE 2 | Standardized beta weights for models predicting network-to-network
connectivity from three EF factor scores.

Beta (CEF) Beta (SHI) Beta (UPD)
(A) DAN_to_VAN ~0.124 0.092 0.037
DAN_to_FP 0.032 —0.079 0.021
DAN_to_DEF 0.023 ~0.050 ~0.117
VAN_to_FP 0.140 ~0.159* ~0.073
VAN_to_DEF 0.067 —0.1871#* —0.047
FP_to_DEF ~0.110 0.009 ~0.056

Beta (CEF) Beta (SHI) Beta (UPD)

B) V_to_DAN 0.066 0.173* 0.144
V_to_VAN ~0.056 0.176** 0.085

V_to_FP 0.007 0.172* 0.115

V_to_DEF —0.040 —0.051 —0.054
SM_to_DAN —0.171* 0.035 0.021
SM_to_VAN ~0.015 ~0.006 ~0.071
SM_to_FP ~0.117 0.071 0.054
SM_to_DEF 0.203** ~0.043 ~0.076

(A) Results from 6 models involving higher-level cognitive networks of a priori
interest. (B) Results from 8 models involving connectivity between higher-level
cognitive and visual/sensory-somatomotor networks. V, visual network; SM,
sensory/somatomotor network; DAN, dorsal attention network; VAN, ventral
attention network; FP, frontoparietal network; DEF, default network. *p < 0.05,
**p < 0.01, ***p < Bonferroni corrected alpha [0.0083 for (A) and 0.0036 for (B)].

factor score, are related to more negative connectivity between a
brain system involved in internal mentation (the default network)
and the ventral attention network. We will first discuss this
principal finding in more detail and then discuss this result in the
context of prior reports of behavior-related hypoconnectivity of
higher-level cognitive networks with default networks in both the
clinical domain and in neurologically normal individuals. Finally,
we discuss findings of exploratory analyses regarding network
connectivity between higher-level cognitive networks and lower-
level networks such as the visual network and the somatomotor
network.

Our primary analysis revealed a novel relationship between
Shifting-specific ability and connectivity between the default
and ventral attention networks. A test of spatial specificity
further revealed the effect may be primarily driven by
connectivity between the midline regions of the default
network hubs — ventromedial prefrontal (vmPFC) and posterior
cingulate cortices (PCC) — and a posterior subsystem of the
ventral attention network.

To put this finding in perspective, we consider the purported
functions of these regions. A review of the functions of the default
network suggests that the midline hubs of the default network
are involved in many aspects of self-referential processing
including self-reflection, mentalizing, autobiographical memory,
and episodic future thinking among others (Andrews-Hanna,
2011).

The ventral attention network, in the context of the Yeo
etal. (2011) parcellation, contains at least three main subsystems:
higher-level visual/attention areas (temporo-parietal junction),
right lateral prefrontal cortex, and the cingulo-opercular system
(predominantly insula and dorsal anterior cingulate cortex). One
popular theory of the function of the ventral attention system
suggests this part of cortex specializes in detection of behaviorally
relevant stimuli (Corbetta and Shulman, 2002) and reorientation
of attention toward relevant environmental information (Vossel
et al., 2014). However, our examination of spatial specificity of
the effect we observed using a finer-grained network parcellation
revealed that although Shifting-specific EF was related to
connectivity of the ventral attention network as a whole, the
effect may be driven more specifically by connectivity of the
cingulo-opercular subsystem. Characterization of the functions
of the cingulo-opercular system is a topic of considerable
interest and current controversy. The cingulo-opercular system
has unique cytoarchitectonic properties (Seeley et al, 2012)
and is often implicated in very broad cognitive constructs such
as alertness, maintenance, and awareness (Dosenbach et al.,
2007; Craig, 2009; Craig, 2011; Sadaghiani and D’Esposito, 2015;
Coste and Kleinschmidt, 2016), perhaps in part due to insulas
high base rate of activation in fMRI studies (Yarkoni et al,
2011). A detailed functional description of anterior and posterior
subsystems of the ventral attention network does not currently
exist. However, a meta-analysis of the insula using thousands
of fMRI studies as ascertained from Neurosynth (Yarkoni et al.,
2011) revealed the posterior portion of the insula identified in the
current report may be functionally distinguished from anterior
portions by processing related to switching, inhibition, error
processing, conflict, feedback, somatosensory, and other terms
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(Changetal., 2013). That is, although anterior and posterior
insula are involved in very similar types of processing, the
posterior region may be activated more than anterior portions
in certain EF-related contexts (i.e., switching, inhibition, etc.).
Regarding EFs more directly, it has been proposed that the
insula may play a critical role in regulating the coordination of
frontoparietal and default network functions (Sridharan et al.,
2008; Goulden et al., 2014). Work in the clinical domain
supports the notion that ventral attention network functioning is
compromised in disorders that often have comorbid EF deficits,
such as anxiety (Sylvester et al., 2012) and depression (Kaiser
etal., 2016).

Considering the functions of the default and ventral attention
networks, one must ask how coordination of the default and
ventral attention networks translates to increased performance
in a specific aspect of EF that involves the rapid/fluid shifting
between task/mental sets and rules, over and above goal
maintenance or other general EF abilities (Common EF).
Intrinsic network connections in high shifting ability individuals
could be a specific, optimized state that places that individual
metabolically closer to the brain states required when performing
difficult cognitive tasks. Prior work has shown that better
performers in a variety of cognitive domains have smaller
changes in functional connectivity when going from rest to
a task-directed state, possibly reflecting more efficient neural
configurations (Schultz and Cole, 2016). In the context of
the current study, perhaps more negative default to ventral
attention connectivity is a brain state uniquely beneficial for
shifting functions. From the perspective that stable resting-state
connectivity reflects a history of co-activation (Wig et al., 2011),
better shifters may have a stronger history of suppressing default
network activity during times when interference from internal
mentation functions may be disadvantageous (for a review of
default network deactivation and hypoconnectivity see Anticevic
et al, 2012), for example, when mind wandering might be
detrimental to performance on a demanding task (Weissman
et al,, 2006). However, the exact mechanism through which
network connectivity translates to increased performance is still
an open question.

Our study also provided an example of how genetically
informative data can be used to provide insights about the
causes of inter-individual variation in network connectivity. Prior
work utilizing a large sample of twins revealed the cross-twin
correlation of default-to-cingulo-opercular connectivity was
moderate and significant for both MZ (r = 0.336) and DZ
(r = 0.245) twins, stronger for MZ twins, and substantially lower
than 1 (Yang et al,, 2016). This pattern of results indicates
mixed influences of genes, shared environments and non-shared
environments. Although a classic twin model to estimate the
genetic, shared environmental, and non-shared environmental
influence on ventral attention-to-default connectivity could
be applied to the data in current study, due to small
sample size we opted to perform a multilevel twin difference
model. This analysis revealed that the ventral attention-to-
default network connectivity relationship with Shifting-specific
EF is primarily driven by between-family differences, which
include both genetic and shared environmental influences.

We also observed a marginally significant within-family effect
for MZ twins (but not DZ twins), which suggests the non-
shared environmental influences that cause one MZ twin
to have higher Shifting-specific ability than his or her co-
twin may be the same non-shared environmental influences
that cause that MZ twin to have more negative ventral
attention-to-default connectivity. Future work using larger twin
samples should continue this line of research to tease apart
genetic and environmental influences on network and regional
connectivity.

Regarding other associations between higher-level cognitive
network connectivity and EFs, we did not find any other
strong associations after correcting for multiple comparisons.
Nonetheless, there were some results worth noting. First, we
did find that individuals with higher Shifting-specific scores had
increased negative connectivity between the frontoparietal and
ventral attention systems, which reached a univariate level of
significance (p < 0.05) but did not when Bonferroni-corrected. At
first glance, increased Shifting-Specific EF ability and a reliance
upon non-simultaneous activation of two closely related systems
might seem counterintuitive, as one might have expected higher
EF ability to be associated with greater co-activation of closely
related, higher-level cognitive systems. However, prior work has
established that EF requires a trade-off between cognitive stability
and flexibility, with stability required to impose and maintain
a task set, and flexibility required to switch between tasks
and subgoals (Goschke, 2000) with flexibility-related measures
(such as Shifting-specific EF) sometimes showing the opposite
relationship with outcomes than measures of stability (see Herd
et al., 2014; Friedman and Miyake, 2017). Examples of such
findings are studies that found a relationship between increased
shifting-specific ability and increased substance use (Gustavson
et al, 2017), decreased intelligence, and poorer self-restraint
(Friedman et al., 2011). Although speculative, perhaps this
brain-behavior relationship is a neural manifestations of the
flexibility-stability tradeoff.

Based on prior findings in the clinical domain and
limited work with neurologically normal individuals (e.g., Kelly
et al, 2008), we expected to find that higher Common EF
or Updating-specific EF would be associated with reduced
connectivity between the frontoparietal and default networks.
We did not find this result. However, we did find a trend for
individuals with higher Common EF to have a more negative
relationship between activation in the frontoparietal and default
networks, consistent with expectations. Although our results
suggest there is no reliable association between default-to-
frontoparietal network connectivity and EFs, we did not test
for association between EFs and connectivity at the level of
small and specific regions-of-interest (as in Keller et al., 2015)
or between larger conglomerate networks that might combine
signal across many task-positive networks (e.g., frontoparietal,
dorsal attention, and cingulo-opercular regions; as in Kelly et al.,
2008). In summary, the results of the current study complement
prior research in the area of EF-connectivity relationships by
providing an alternative measurement of both EF behavior (i.e.,
in the context of the Unity/Diversity model) and connectivity at
the level of seven functional networks.
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In an exploratory analysis, we investigated associations
between EFs and connectivity between higher-level cognitive
and lower-level sensory networks. We found higher Shifting-
specific EF was associated with increased positive connectivity
between the visual network and each of the task-positive
networks (frontoparietal, dorsal attention, and ventral attention).
These results are novel but complement prior work from
our group in a younger sample in which we showed
individuals with higher Shifting-specific ability had more
diffusely connectivity visual cortices as quantified by local
clustering coeflicient, a graph theoretic measure (Reineberg
and Banich, 2016). We also found higher Common EF
was associated with more positive connectivity between the
somatomotor and default networks as well as more negative
connectivity between the somatomotor and dorsal attention
networks. These findings are both novel and should be
replicated/explored in future work. Generally, the results of our
exploratory analysis suggest EFs may rely on broad patterns
of connectivity across many brain systems, including those
that are not typically associated with inter-individual variation
on EF tasks (e.g., visual network and sensory/somatomotor
network).

It is important to consider some limitations of the current
work. As alluded to earlier, the mechanism through which
network connectivity influences behavior is unclear. The stability
of resting-state measures suggests high-EF individuals may have
intrinsic brain characteristics that foster or allow for their
higher behavioral performance. But in contrast, a substantial
literature shows the malleability of connectivity in the face
of specific cognitive challenges and state inductions (Spreng
et al., 2010; Fornitoa et al., 2012; Cocchi et al., 2013). This
literature suggests high-EF individuals could be in cognitive
states during resting-state scans that differentiate them from
low ability individuals - for example, simulating, planning,
or rehearsing rules for cognitive tasks that are part of the
testing session. Future work could utilize experience sampling
or experimental manipulations of task instructions/order to rule
out these possible mechanisms. Another limitation of the current
study is quantification of resting-state connectivity in a static
manner. Dynamic connectivity methods are an alternative that
measure changes in network connectivity over the course of a
resting-state scan rather than as a single summary of the entire
scan (Allen et al., 2014; Dixon et al., 2017). Preliminary work
in this area suggests dynamics may be related to individual
differences in cognitive abilities (Liu et al., 2017; Nomi et al,,
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Adolescence is a fundamental transition phase, marked by physical, social, cognitive
and emotional changes. At this stage in development two contrasting phenomena take
place: brain changes cause a sensitivity to emotional aspects (Dahl, 2004); while also
control processes register as well impressive improvements (e.g., Hooper et al., 2004;
Best and Miller, 2010). The study is aimed to investigate the relationship between a
core cognitive feature such as working memory (WM) (Diamond, 2013) and complex
abilities such as emotion regulation (ER) and behavioral self-reported outcomes using a
structural equation model approach. A sample of 227 typically developed adolescents
between 14 and19 years of age (148 females; mean age in months 202.8, SD 18.57)
participated in this study. The following tasks and self-reports were administered in
a 45-min test session at school: Symmetry Span task (Kane et al., 2004). Reading
Span task (Daneman and Carpenter, 1980), Mr. Cucumber (Case, 1985); Youth Self-
Report (YSR, 11-18 years, Achenbach and Rescorla, 2001); Difficulties ER Scale (DERS,
Gratz and Roemer, 2004; Italian version by Giromini et al., 2012). Results showed that
difficulties in ER correlated with WM: high levels of ER difficulties are associated with
low WM efficiency while no significant contributions of these predictors was observed
on externalizing or internalizing symptoms. This study showed a significant relationship
between self-reported difficulties in ER and WM, while no significant contribution of the
considered predictors was showed on the outcomes, adding knowledge about how
behavioral and emotional self-reported outcomes may relate to these processes.

Keywords: working memory, emotional regulation, behavioral outcomes, adolescence, individual differences

INTRODUCTION

Adolescence is a special time in development. Dahl (2004) defines adolescence as “The
developmental interval that encompasses the body and brain changes of puberty.” During this time,
two apparently contrasting developmental phenomena occur. On one hand, brain changes cause a
sensitivity to emotional aspects of experiences that influence the increase in emotional arousal and
such phenomena as sensation-seeking, risk-taking, increased conflict with parents, increased mood
volatility and a particular increase in negative emotions (Dahl, 2004). On the other hand, cognitive
processes, particularly cognitive control functions, register impressive improvements exhibited
in such abilities as abstract thought, organization, decision-making, planning, rule management,

Frontiers in Psychology | www.frontiersin.org 61

May 2018 | Volume 9 | Article 844


https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/journals/psychology#editorial-board
https://www.frontiersin.org/journals/psychology#editorial-board
https://doi.org/10.3389/fpsyg.2018.00844
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpsyg.2018.00844
http://crossmark.crossref.org/dialog/?doi=10.3389/fpsyg.2018.00844&domain=pdf&date_stamp=2018-05-29
https://www.frontiersin.org/articles/10.3389/fpsyg.2018.00844/full
http://loop.frontiersin.org/people/484531/overview
http://loop.frontiersin.org/people/133927/overview
https://www.frontiersin.org/journals/psychology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychology#articles

Malagoli and Usai

WM, Emotional Regulation, Behavioral Outcomes

and flexible adaptation to different contexts (Johnson, 2000;
Anderson et al., 2001; Hooper et al., 2004; Best and Miller, 2010).
These developmental outcomes are apparently in opposition to
each other because the ability to generate plans and reasoning
in the abstract would not explain risk-taking, sensation-seeking
and recklessness or simply general impulsiveness that is typically
observed during adolescence. This situation is particularly
interesting, since adolescents seem to have all of the crafts
necessary to evaluate correctly and plan actions. Many aspects
of decision-making appear adult-like, but adolescent decisions
may still not be coherent, and as a consequence, it is possible to
observe mal-adaptive or even dangerous behaviors.

In the literature, most of the studies on adolescence seem to
be more focused on extreme clinical outcomes, such as conduct
disorders (e.g., Kim et al., 2001), drug and alcohol abuse (see
for a review Peeters et al., 2015; Kim-Spoon et al., 2017), and
aggressive behaviors, such as bullying (e.g., Hamama and Ronen-
Shenhav, 2013; Pouwels et al., 2017), while fewer investigations
have concerned typical adolescence and the impact of superior
cognitive features, such as working memory (WM), on the
complex relationships between difficulties in emotion regulation
(ER) and behavioral outcomes, with both being considered not as
clinical issues but as normally challenging features of adolescence.
The present study aims to try to fill this gap in the literature by
investigating these aspects in a typical population of adolescents,
with a particular attention to individual differences in difficulties
in ER, WM efliciency, and behavioral outcomes.

Emotion Regulation During Adolescence
During adolescence, everyday life situations characterized by
strong affective stimuli, as mentioned, often result in enhanced
emotional outcomes. Although adolescents present a more
mature and perfected awareness of emotions, in comparison
to children, in general, the control functions exhibited by
adolescents often emerge to be unsatisfactory (Casey et al., 2008).
This phenomenon has been addressed by examining a variety
of possible developmental reasons, such as hormonal activation,
different brain development in regions that underlie this
imbalance (Giedd et al., 1996, 1999; Sowell et al., 1999; Gogtay
etal., 2004; Barnea-Goraly et al., 2005) and, in particular, elevated
activity in the ventral striatum observed during adolescence
(Ernst et al., 2005; Galvan et al., 2006; Delgado, 2007; Van
Leijenhorst et al., 2010; Sescousse et al., 2013), which seems to
influence such processes as risk-taking and decision-making.
Moreover, adolescence is a period in which the peer group
became more central and also friendship acquires importance
(Rubin et al.,, 2008). In this perspective, the open question is
whether failures in ER or dangerous behaviors and Rule-Breaking
may be due to a specific difficulty in regulating emotions and
behaviors or if being risky and impulsive may also be mediated
by individual and specific features that may or may not also be
elicited by the social environment. In terms of ER, defined as
the process that elicits the onset, offset and magnitude/duration
or quality of one or more emotional features of emotional
response (Gross, 1998; Gross and Thompson, 2007), more or
less adaptive abilities may also be linked to individual differences
in more cognitive forms of ER. In fact, less efficient forms of

this specific type of regulation have been connected to poor
psychological well-being (Balzarotti et al., 2016). Indeed, as
reported by Ahmed et al. (2015), this specific period of life was
found related to an enhanced occurrence of internalizing and
externalizing problems (Spear, 2000; Paus et al., 2008; Lee et al.,
2014). This finding suggests that adolescents may be vulnerable to
emotional dysregulation, which may cause not only maladaptive
outcomes but also may affect cognitive processes, including WM,
that undergo development during adolescence (Somerville and
Casey, 2010; Sebastian et al., 2011; Blakemore and Robbins, 2012;
Dumontheil, 2014) and may be particularly challenged in more
complex every-day life situations.

Working Memory in Adolescence

Working memory refers to a system that can maintain and
process information simultaneously (Engle et al., 1992; Oberauer
et al, 2016). WM is also defined as the ability to maintain
representations of recently experienced or recalled information
over a short period of time (Curtis and D’Esposito, 2003).
Therefore, WM is required for the optimal performance
of goal-directed behaviors (Diamond, 2013; for a discussion
Morra et al., 2018). Important changes occur in WM during
development, and WM task performance and latent structure
have been shown to evolve throughout middle and late
adolescence (Malagoli and Usai, 2018) following a protracted
course of development into young-adulthood (Huizinga et al.,
2006). Individual differences in WM capacity are observed
to be correlated with a variety of cognitive and social
outcomes, including school performance (Gathercole et al., 2004;
Dumontheil and Klingberg, 2012; Finn et al., 2014). Research has
shown that WM filtering ability - the ability to filter extraneous or
distracting information from WM during encoding - is strongly
associated with overall WM capacity and accuracy (Vogel et al.,
2005; Peverill et al., 2016).

Which Relationship Between WM and

ER?

Considering WM specifically, many studies run in laboratories
have reported that WM performance is affected by emotionally
based stimuli both in a positive and negative way, such as
a more vivid memory for emotional pictures (Canli et al,
2000), emotional word-lists (Jones et al., 1987; Dietrich et al.,
2001), or humor (Schmidt and Williams, 2001), while there are
other situations in which the most adaptive behavior is actually
ignoring emotional information and attempting to not be affected
by it.

Romer et al. (2009, 2011) performed a large cohort study
investigating WM ability in a sample of early adolescents
(n = 387, ages 10-12 at baseline). In three annual assessments,
these researchers examined models in order to understand the
trajectory of weak WM, early manifestations of externalizing
problems, and heightened levels of trait impulsivity. Participants
were tested with a computerized battery of tasks to assess WM,
cognitive control, and reward processing, plus an audio-guided
computerized self-interview for impulsivity and risk behaviors
and a self-report questionnaire to evaluate externalizing and
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internalizing difficulties (YSR Achenbach and Rescorla, 2001).
Romer et al. (2009) study found WM only indirectly related
to externalizing behavior due to its relationship with acting
without thinking. In a second study (Romer et al., 2011) with
the same sample, the authors found that WM prospectively
seemed to predict reduced externalizing behavior both directly
and indirectly, with a mediation effect by acting without thinking.
In addition, WM positively predicted sensation seeking, which
was positively related to externalizing behavior also controlling
for acting without thinking. These research suggests that WM
may have a positive relationship with externalizing behavior with
a mediation of more complex aspects as sensation seeking.

These studies show the importance of WM in particular as a
cognitive factor that can relate not only to behavioral outcomes
but that may also explain more emotional forms of regulation,
such as sensation-seeking and risk-taking. However, these studies
do not address another research question of how WM may be
related to specific difficulties in ER in this sensitive time of
development.

Driven or Non-driven Behaviors, WM and
ER: What Are the Implications in

Everyday Life?

ER comprehends both more automatic features and more
effortful ones: the ability to voluntarily guide behavior and
make an effort to direct the flow of thoughts and emotions
in a goal-directed way is essential to mature decision-making,
while more automatic forms of ER are important and useful for
directing the flow of emotions and thoughts in more known
situations. From this perspective, Gyurak et al. (2011) state that
implicit processes may be evoked in an automatic way by the
stimulus itself and completed without an active monitoring.
Cognitive control processes, such as WM, allow us to voluntarily
guide our behavior and support both forms but particularly
explicit forms of regulation need this kind of cognitive control.
While adolescents can demonstrate refined voluntary behavior,
the ability to maintain consistently this attitude continues
to improve during adolescence, for this reason cognitive
control features are particularly interesting to investigate the
vulnerabilities of this period. In this sense, and in particular at
this age, ER may have a fundamental role in controlling impulses
and behaviors. The ability to manage emotions, as mentioned,
is a relatively voluntary, effortful and deliberate process, that
attempts to outbalance more spontaneous emotional responses.
Finally, ER allows people to enhance, maintain, or reduce both
negative and positive emotions. Coherently with these features,
ER often implies some adjustments in emotional responding.
Ironically, these emotional adjustments may not reach the
individual’s goal of a particular emotional state (e.g., trying to
switch from anxious to calm), and these “defeats” may also mirror
strong and emotional outcomes that people would usually like
to disguise (Wegner et al., 1993) or exhibit the emotions they
actually wanted to hide regardless their efforts. In these specific
circumstances, the natural salience of emotional stimuli and
the human tendency to process them transform these episodes
into strong interferences in competition for cognitive resources

with more relevant information (Ellis and Ashbrook, 1988),
often resulting in decreasing performance on the task in action
(Dolcos and McCarthy, 2006; Dolcos et al., 2008; Anticevic et al.,
2010; Chuah et al., 2010; Denkova et al., 2010). Considering the
enhanced emotional arousal documented in adolescence (Dahl,
2004), investigating how difficulties in emotional regulation may
be related to WM may be particularly useful in order to better
understand the vulnerabilities of this developmental stage.

THE PRESENT STUDY

The data illustrated in this paper are part of a larger study
investigating cognitive processes in adolescence (Malagoli and
Usai, 2018). The aim of this study is to explore the relationship
between specific self-reported difficulties in ER, WM and
behavioral outcomes, adding knowledge regarding this topic and
contributing to the analysis of individual differences in typical
development. Due to the importance that WM has in predicting
stronger regulation abilities (e.g., rule management, updating
of useful information) (Diamond, 2013) and the prolonged
development in time that both WM and the ability to regulate
emotion show (Dahl, 2004; Huizinga et al., 2006), we expect
difficulties in ER are associated with WM performance (Dietrich
et al., 2001; Jones et al., 1987) and to be related with behavioral
outcomes (Anticevic et al., 2010). We expect also WM to be
related to specific behavioral outcomes (Dahl, 2004; Dolcos and
McCarthy, 2006; Dolcos et al., 2008; Anticevic et al., 2010; Chuah
et al., 2010; Denkova et al., 2010).

MATERIALS AND METHODS

Participants

A sample of 240 14- to 19-year-old adolescent (158 females) high
school students participated in this study. The participants were
excluded if they did not speak Italian as their first language or
had been diagnosed with any disease (e.g., learning disabilities) or
neurological (e.g., brain infection) or psychiatric disorder. Eight
participants were excluded due to learning disabilities, four were
excluded for not having Italian as their first language, and one was
excluded due to neurological issues. The final sample included
227 participants (148 females; mean age in months 202.8, SD
18.57).

Materials and Procedure

We administered one 45-min test session in a quiet room that
was provided by the school. A symmetry-span task, reading span
task and the Mr. Cucumber task were administered by a trained
experimenter. The task sequence was exactly as listed above.
Questionnaires were asked to be filled out during the session,
and participants were asked to return them at the end of the
administration day.

Self-Report Measures
Difficulties in Emotion Regulation Scale (DERS, Gratz and
Roemer, 2004; Italian version by Giromini et al., 2012). The
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DERS is a self-report questionnaire composed by 36 items
developed to assess severe difficulties in ER abilities. Scores
are provided for six scales: Non-acceptance of Emotional
Responses (Non-acceptance, 6 items), Difficulties Engaging
in Goal-Directed Behavior (Goals, 5 items), Impulse Control
Difficulties (Impulse, 6 items), Lack of Emotional Awareness
(Awareness, 6 items), Limited Access to ER Strategies (Strategies,
8 items), and Lack of Emotional Clarity (Clarity, 5 items).
Participants may set their responses on a 5-point Likert scale
ranging from 1 (almost never) to 5 (almost always). To determine
the internal consistency of the questionnaire, Cronbach’s alpha
was calculated for the total DERS score and for each subscale.
Cronbach’s alphas were larger than 0.70 for all of the scales:
Non-acceptance 0.73, Goals 0.85, Impulse 0.85, Awareness 0.72,
Strategies 0.89, Clarity 0.84 and DERS Total 0.92.

Youth Self-Report (YSR, 11-18 years, Achenbach and Rescorla,
2001, Italian version as available on the http://www.aseba.org
website). This questionnaire is a screening measure for behavioral
and emotional difficulties in children and adolescents. The YSR
is also part of the Achenbach System of Empirically Based
Assessments (ASEBA). The 2001 revised YSR comprises 112
items in a six-month time lapse. Participants are asked to indicate
how often a certain behavior applies to them on a three-point
scale (0 = absent, 1 = occurs sometimes, 2 = occurs often).
Scores are provided on eight subscales: Anxious/Depressed,
Withdrawn/Depressed, Somatic Complaints, Social Problems,
Thought Problems, Attention Problems, Rule-Breaking Behavior,
and Aggressive Behavior. Subscales are clustered in order
to identify individual’s externalizing or internalizing profiles.
Internalizing is the resulting profile from Anxious/ Depressed,
Withdrawn/Depressed, and Somatic Complaints scores, and
Rule-Breaking Behavior and Aggressive Behavior result in the
Externalizing profile. Cronbach’s alphas were larger than 0.70
for all the scales: Anxious/Depressed 0.74, Withdrawn/Depressed
0.75, Somatic Complaints 0.73, Social Problems 0.71, Thought
Problems 0.72, Attention Problems 0.73, Rule-Breaking Behavior
0.73, and Aggressive Behavior 0.70.

Working Memory Tasks (for an Extensive Description
See Malagoli and Usai, 2018)

Symmetry span task (SymmSpan; Kane et al., 2004). This task is
a complex measure of WM capacity composed of two different
tasks that are performed at the same time. The first task consisted
of recalling a sequence of squares that turned red on a matrix that
appeared on the screen, while the second consisted of judging
figure symmetry. The tasks were clustered together in two to five
sets. Every square presentation was spaced out by a symmetry
task. For example, if a set is composed of two sets, two squares
and two symmetry problems, alternatively, all of the squares must
be recalled at the end of each set. A 4x4 square matrix appeared
in the center of the screen, and one of them turned red. Then, the
symmetry judgment task was presented in an 8x8 matrix, with
some squares filled in black, and the participants decided whether
the black-square design was symmetrical along its vertical axis.
Set sizes ranged from two to five symmetry—-memory matrices
per trial (for 12 trials total). The presentation of sets is sequential
both for the square and symmetry problems. The participants

were instructed to recall the whole sequence of squares in the
correct order and to maintain at least 85% accuracy on the
symmetry trials. Three controls appeared on the screen, and they
were available to use during the participants’ recall: “blank” to
point to a square that they could not recall, “clear” to delete
the sequence and attempt it again, and “exit” to go to the next
set. These controls were activated by the participants themselves
using a touchpad. The participants had an unlimited amount
of time to recall all of the squares. The computer calculated
the mean RT of the participants in the practice phase for the
symmetry problems to use in the test phase. The mean RT was
expressed to the participants after the practice phase. Feedback
was provided at the end of each set, informing the participants
of their performance accuracy. One practice block was presented
for the square task (four square sets), one for the symmetry task
(15 symmetry problems) and one for the combined task (three
sets with three square tasks and three symmetry problems). The
test phase was composed of three sets of three combinations,
three sets of four combinations and six sets of five combinations.
The dependent variable was the absolute span score, which was
computed using the traditional absolute span scoring method.
This score was the sum of all perfectly recalled sets. For example,
if an individual correctly recalled two squares in a set of two,
three squares in a set of three, and three squares in a set of
four, their SPAN score would have been five (2 + 3 + 0).
A split-half reliability procedure was performed for this task. The
Spearman-brown coefficient was 0.91.

Reading span task (RSPAN; Daneman and Carpenter, 1980).
This span task is structurally identical to the previous one but
with different stimuli. The task consisted of recalling a sequence
of letters that appear on the screen while the participants judged
whether some phrases made logical sense. The two tasks were
clustered in sets (ranging from two to seven). Every letter in
each set was spaced out by a phrase problem. The participants
were asked to recall the entire sequence of letters in the correct
order at the end. The letters appeared in the center of the
screen one by one. The sentences also appeared written in the
center. Each sentence consisted of 10-15 words. Letter practice
used sequential selection. The letter-sentence practice and the
letter-sentence test used random selection without replacement
for each sequence. When presented with the recall cue, the
participant recalled each letter from the preceding set, in the
order in which they appeared, by selecting them using the
touchpad from a matrix of 12 alternatives. The set sizes ranged
from two to five sentence-letter problems per trial (for 12 trials
total). The three controls (“blank,” “clear;” and “exit”) were kept
the same. The participants were given all of the time that they
needed to recall the letter sequence. The computer calculated
the participants’ mean RT during the sentence problem practice
phase, and this personalized mean time was the maximum time
that the participants had to solve sentence problems during
the test phase. Feedback was also provided at the end of each
phase. The phases were the same, and they consisted of letters
(two sets of two and two sets of three), phrase practices (15
letters), and combined practices (two sets of two and three sets
of three letter/phrase combinations). Finally, a combined test
phase that was composed of three sets of three, four, five, and
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seven letter and/or phrase combinations was administered. The
participants received feedback as they did in the previous task.
The participants were instructed to try to be precise in recalling
the letter sequence and to attempt to maintain at least 85%
accuracy in judging the sentences. The absolute span score (i.e.,
the sum of all of the perfectly recalled sets, RSPAN) was used.
A split-half reliability statistic was calculated for this task. The
Spearman-brown coefficient was 0.91.

Mr. Cucumber task (Case, 1985). This task is a classic
visual-spatial span measure. The outline of a complex figure (an
extraterrestrial) was presented, to which colored stickers were
applied. This non-computerized task comprised three practice
items and a test phase with eight levels. In each one, three items
were displayed. The subjects were able to watch the figure for 5 s
until the fifth level, and the stickers appeared for the last three
levels. The task required the participants to recall the position
of all of the stickers by pointing to a figure without a sticker.
A thick sheet of paper depicting a grill was shown to avoid any
contribution of iconic memory when watching the time lapse
and before presenting the recall figure. A point was given for
each level that was fully correctly recalled. One-third of a point
(0.33) was given for each correct item beyond that level. The test
was discontinued if the participants failed on all three items in
the same level. The dependent measure was the score that was
obtained (expected range 0-8). The Cronbach’s alpha was 0.88.

Data Analysis

Descriptive statistics (i.e., means, standard deviations, possible
score ranges, skewness and kurtosis) and zero-order and partial
(Pearson) correlations controlling for age were calculated. Outlier
values that deviate from the mean more than three standard
deviations were excluded from the analyses. In addition, 9
values were excluded from memory scores because they did
not maintain at least 85% accuracy. The total excluded values
representing 1.8% of the full sample. A series of Structural
Equation Models (SEM) were conducted based on raw data
using MPlus 7.4 software (Muthén and Muthén, 1998-2010).
The maximum likelihood with robust standard errors (MLR)
was used as estimator. The optimal full information maximum
likelihood approach was used to estimate missing data (Collins
et al, 2001). Each model fit to the data was estimated
by examining multiple fit indices (Schermelleh-Engel et al.,
2003), including the y? statistic, root mean square error
of approximation (RMSEA), standardized root mean squared
residual (SRMR) and the Bentler comparative fit index (CFI).
The y? test was used to evaluate the appropriateness of
the SEM model. The RMSEA measured the precision with
which the covariances predicted by the model matched the
actual covariances (approximate fit in the population). The
RMSEA values <0.05 represented a good fit, values that were
between 0.05 and 0.08 represented an adequate fit, values
that were between 0.08 and 0.10 a mediocre fit, and values
that were greater than 0.10 were inadmissible (Browne and
Cudeck, 1993). The SRMR was the square root of averaged
squared residuals (i.e., the differences between observed and
predicted covariances). SRMR values <0.10 were acceptable.
Nevertheless, a good fit was considered values that were less

than 0.05 (Schermelleh-Engel et al., 2003). The CFI compared
the covariance matrix that was predicted by the model with
the observed covariance matrix and compared the null model
with the observed covariance matrix. A CFI value greater
than 0.97 indicates a good fit, whereas values greater than
0.95 represent an acceptable fit (Schermelleh-Engel et al,
2003). A SEM model was tested considering difficulties in
ER and ability in WM latent variables as predictors. WM
latent predictor has been tested on a previous study (Malagoli
and Usai, 2018), whereas ER latent variables were based
on an exploratory factor analysis (EFA) using principal axis
factoring as the extraction method and varimax rotation of the
factor structure. In the SEM model the YSR subscales were
grouped into two latent variables representing internalizing and
externalizing problems. As suggested by Achenbach and Rescorla
(2001), the Anxious/Depressed, the Withdrawn/Depressed, and
the Somatic Complaints subscales load on the internalizing
factor, whereas the Rule-Breaking Behavior and the Aggressive
Behavior subscales load on the externalizing factor. The scores
of the remaining three subscales were entered in both the
aforementioned latent factors.

RESULTS

The descriptive statistics are summarized in Table 1. Correlations
among the measures are summarized in Table 2. All WM
tasks show a pattern of significant correlations that remain
when controlling for age. DERS subscales are significantly
and moderately associated with each other, as are the YSR
subscales. The pattern of associations between the different
groups of measures is restricted to a few significant correlations.
Considering the associations between the WM measures and the
questionnaire subscales, the symmetry span task is negatively
correlated with the DERS total score and with three DERS
subscales: Lack of Emotional Awareness, Limited Access to
ER Strategies, and Lack of Emotional Clarity. Moreover,
the symmetry span task significantly correlates with the
YSR - Aggressive Behavior subscale. The correlations between the
symmetry span task and both the DERS - Lack of Emotional
Awareness and the YSR - Aggressive Behavior subscales are not
significant when controlling for age. Considering the pattern of
associations between the questionnaires, the DERS - Difficulties
Engaging in Goal-Directed Behavior is significantly associated
with YSR - Somatic Complaints, and the DERS - Impulse
Control Difficulties positively correlates with YSR - Social
Problems, and these correlations remain significant when
controlling for age.

The EFA extracted two factors that account for 51% of
the total variance in the DERS. The DERS subscales load
mainly on factor 1 (35% of the total variance): Non-acceptance
(factor loading = 0.686), Goals (factor loading = 0.620), Impulse
(factor loading = 0.686), and Strategies (factor loading = 0.801).
Awareness and Clarity subscales load on factor 2 (16%; factor
loadings 0.554 and 0.755, respectively). The two factors are
labeled difficulties in emotion response (EM_R) and difficulties
in emotion knowledge (EM_K), respectively. Indeed, factor 1
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TABLE 1 | Descriptive statistics.

Mean SD Skewness SE Kurtosis SE
Symm_Span 17.44 7.947 0.328 0.169 —0.462 0.337
RSPAN 20.11 12.490 0.648 0.168 —0.090 0.335
Mr. Cucumber 6.46 1.159 —0.751 0.167 0.392 0.333
DERS_NonAcceptance 214 0.796 0.801 0.175 0.256 0.349
DERS_Goals 3.01 0.887 0.045 0.175 —-0.513 0.349
DERS_Impulse 2.23 0.804 0.586 0.175 —-0.377 0.349
DERS_Awareness 2.69 0.709 0.294 0.175 -0.419 0.349
DERS_Strategies 2.28 0.885 0.821 0.175 0.050 0.349
DERS_Clarity 2.35 0.786 0.743 0.175 —0.157 0.349
DERS_Total 87.43 20.305 0.400 0.175 —0.561 0.349
YSR_Anxious/Depressed 8.62 5.16 0.299 0.172 —0.598 0.342
YSR_Withdrawn/Depressed 4.75 3.19 0.581 0.172 —0.119 0.342
YSR_Somatic Complaints 4.96 3.42 0.503 0.172 —0.406 0.342
YSR_Social Problems 4.45 3.1 0.600 0.172 —0.426 0.342
YSR_Thought Problems 4.50 3.60 0.848 0.172 0.482 0.342
YSR_Attention Problems 6.58 3.33 0.116 0.172 —0.404 0.342
YSR_Rule Breaking 4.20 3.85 1.340 0.172 1.722 0.342
YSR_Aggressive_Behaviors 8.26 4.77 0.568 0.172 0.091 0.342

Symm_Span = Symmetry complex span;, RSPAN = Reading Span.

(EM_R) consisted of subscales measuring the difficulties in
managing a response to an emotional elicitation. Factor 2
(EM_K) included two subscales measuring the difficulties in
understanding an emotional state.

Considering the SEM analysis, a full factorial model controlled
for age and gender, with three latent variables as predictors and
two latent factors as outcomes representing internalizing and
externalizing problems, is tested. The error-term squares were
considered to be estimates of the unexplained variance for each
measure. The fit indices were good or acceptable, excepting for
the chi square, but this statistic is very sensitive to sample sizes,
and in case of large sample size (greater than 200), authors
suggest relying upon other indices (Schermelleh-Engel et al.,
2003): 2 = 165447, df = 107, p = 0.000, RMSEA = 0.049
[90% CI = 0.034-0.063], SRMR = 0.053, and CFI = 0.947. The
model complete with the standardized solution is illustrated
in Figure 1 and the parameters are shown in Table 3. Two
out six DERS subscales, i.e., Awareness and Clarity, load on a
latent variable named difficulties in ER knowledge (EM_K). The
other four DERS subscales (Non-acceptance, Goals, Impulse, and
Strategies) load on a latent variable named difficulties in ER
response (EM_R). The three WM measures load on the latent
variable WM. The factor loadings for these latent variables are
all significant (¢-values >2, Table 3). The three latent predictors
correlate with each other. The eight YSR measures load on the
two Internalizing and Externalizing latent factors (t-values >2,
Table 3). The EM_R, the EM_K, and the WM latent variables
are considered as predictors of the two YSR latent factors, but
none of these contribute significantly. The model shows that
difficulties in ER are significantly associated with WM. The
factor loading is negative, indicating that high levels of ER
difficulties on knowledge and response are associated with low
WM ability.

Age and gender influenced significantly a few measures.
Higher Awareness and Clarity difficulties were shown by the
youngest individuals (and vice-versa), that also tend to report less
problems on the Rule-Breaking Behavior YSR subscale. As regard
to gender influences, females reported more difficulties on Clarity
and Strategies DERS subscales and more Somatic Complaints in
the YSR self-report.

DISCUSSION

This study investigates the relationships between difficulties in
ER, WM and self-reported aspects of behavioral outcomes in
typically developing adolescents and young adults. In particular,
it considers the cognitive features of ER and WM, and this study
examines if these components of self-regulation can be associated
with non-adaptive outcomes in a typically developed population.

Analysis of Correlations: Pattern in WM
Tasks, DERS and YSR

A preliminary Pearson correlation analysis indicated that all
WM tasks were correlated among themselves, as were DERS
and YRS sub-scales. Pearson correlations also showed a negative
correlation between the symmetry span task, the DERS total
score and three DERS subscales: Lack of Emotional Awareness,
Limited Access to ER Strategies and Lack of Emotional Clarity.
These relationships among visual WM and specific difficulties
in awareness, strategies and clarity, are particularly interesting
considering the power that emotion has both to fix information
(Jones et al., 1987; Dietrich et al., 2001; Schmidt and Williams,
2001) or to interfere with the recall of it (Dolcos and McCarthy,
2006; Dolcos et al., 2008; Anticevic et al., 2010; Chuah et al.,
2010; Denkova et al., 2010). The symmetry span task significantly
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FIGURE 1 | The SEM model representing the significant relationships between WM, EM_K and EM_R latent factors with behavioral outcomes. The ellipses represent
the latent variables, and the rectangles represent the individual tasks or questionnaires scales (manifest variables). The curved double-headed arrows represent
correlations among the latent variables. The straight, single-headed arrows refer to significant associations. The standardized factor loadings are the numbers next to
the straight, single-headed arrows. The error terms are shown near the observed variables at the end of the smaller, single-headed arrows. EM_K = Emotion
Regulation Knowledge; EM_R = Emotion Regulation Response; WM = Working Memory; Symm_Span = Symmetry complex span; RSPAN = Reading Span;
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correlates also with the YSR - Aggressive Behavior subscale, but
this association, as well the association with the DERS - Lack of
Emotional Awareness subscale, was no longer significant when
controlling for age.

Considering now the pattern of association between the
DERS scale and the YSR self-report, the DERS - Difficulties
Engaging in Goal-Directed Behavior is significantly associated
with YSR - Somatic Complaints, and the DERS - Impulse
Control Difficulties positively correlates with YSR - Social
Problems, and these correlations remain significant when
controlling for age. These associations seem to show an actual
connection, specifically between more visual aspects of WM
and specific difficulties in ER and behavioral outcomes, that
mostly maintain their significance even controlling for age, as
if this pattern may be somehow typical of the age range. Given
these relationships, the SEM analysis enabled us to investigate
this existing relationship better considering latent variables and
possibly different outcomes.

Association Between WM and ER

Components
The SEM analysis considers three latent variables representing
difficulties in ER knowledge (EM_K) and in ER response (EM_R)
perceived by the participants loaded by the DERS scales and a
unitary latent dimension for WM abilities. This dual organization
for ER variables is coherent with the process model of ER abilities
illustrated by Gross and Thompson (2007): emotion-generative
process vs. cognitive reappraisal, which in our model would be
reflected by EM_R factor and EM_K factor respectively. The
unitary WM model as well has already been documented by
existing literature (e.g., Huizinga et al., 2006; McAuley and White,
2011) and this specific one has been tested in a previous study
meant to investigate the organization of WM and inhibition
during adolescence (Malagoli and Usai, 2018).

Age and gender show limited influence and in accordance with
the literature. With age increasing, the perceived difficulties in the
understanding of mental states related to an emotion decrease

(Zimmermann and Iwanski, 2014). Females more than males, in
addition to reporting difficulties in clearly perceiving emotions,
tend to report more problems in ER strategies (Weinberg
and Klonsky, 2009). Moreover, females report more frequent
somatic problems (Rescorla et al., 2007). After controlling for the
aforementioned age and gender influences, the model shows that
WM is negatively associated with both dimensions tapping ER
difficulties.

This negative relationship may be interpreted on one hand
as the awareness that emotional difficulties interfere with WM
abilities while, on the other hand, as better WM abilities may
reduce the impact of ER difficulties. This result is coherent with
the literature on adults and with theories and neuro-studies
on adolescents that show an association between emotional
components, such as difficulties in managing emotions, and more
cognitive abilities such as WM, as they could actually interfere
or modulate each other (Dahl, 2004; Dolcos and McCarthy,
2006; Dolcos et al., 2008; Anticevic et al., 2010; Chuah et al.,
2010; Denkova et al., 2010; Bridgett et al., 2013; Hendricks and
Buchanan, 2016). Bridgett et al. (2013), in particular, investigating
the effects of EF, and particularly complex features of WM
(updating and monitoring) toward more specific aspects of
self-regulation, such as effortful control, show how all these
aspects may be differentiated versus integrated in explaining the
role of self-regulatory systems in ER.

The literature documents a slower development of subcortical
versus dorsal brain regions, and often this slower development
has been considered one possible explanation for risk-taking
and difficulties in managing more emotional situations, as this
difference in time could interfere with cognitive processing of
information (Giedd et al., 1996, 1999; Sowell et al., 1999; Dahl,
2004; Gogtay et al., 2004; Hooper et al., 2004; Barnea-Goraly
et al., 2005). An interesting perspective that could explain this
condition is given by Lewis and Todd (2007). In fact, in the
authors’ theorization, they reflect on how it can be highly difficult
and tricky to speak separately about cognitive regulation and
emotional regulation. On one side, it is clear that certain forms of
regulation are carried out by executive processes, top-down and
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TABLE 3 | Factor model parameters.

Estimate S.E. Est./S.E. P-value

WM BY Symm_Span 0.798 0.218 3.653 0.000
RSPAN 0.312 0.131 2.375 0.018

Mr. Cucumber 0.246 0.083 2.967 0.003

EM_R BY DERS - Non-acceptance 0.686 0.053 12.905 0.000
DERS - Goal 0.607 0.056 10.842 0.000

DERS - Impulse 0.676 0.055 12.301 0.000

DERS - Strategies 0.835 0.052 16.171 0.000

EM_K BY DERS - Awareness 0.609 0.043 14.089 0.000
DERS - Clarity 0.601 0.047 12.739 0.000

WM WITH EM_R —0.255 0.095 —2.690 0.007
WM WITH EM_K —0.341 0.131 —2.596 0.009
EM_K WITH EM_R 0.528 0.095 5.538 0.000
Internalizing by YSR - Anxious/Depressed 0.887 0.028 31.136 0.000
YSR - Withdrawn/Depressed 0.753 0.036 20.761 0.000

YSR - Somatic Complains 0.617 0.048 12.979 0.000

YSR - Social Problems 0.607 0.070 8.632 0.000

YSR - Thought Problems 0.312 0.087 3.576 0.000

YSR - Attention Problems 0.276 0.090 3.073 0.002

Externalizing by YSR - Rule-Breaking 0.636 0.054 11.830 0.000
YSR - Aggressive Behaviors 0.829 0.056 14.771 0.000

YSR - Social Problems 0.285 0.081 3.535 0.000

YSR - Thought Problems 0.458 0.094 4.897 0.000

YSR - Attention Problems 0.474 0.099 4.797 0.000

Internalizing ON WM 0.105 0.098 1.065 0.287
EM_R 0.136 0.111 1.221 0.222

EM_K —0.022 0.138 -0.162 0.871

Externalizing ON WM 0.276 0.151 1.830 0.067
EM_R 0.015 0.136 0.111 0.911

EM_K 0.217 0.160 1.349 0177

Symm_Span ON Age 0.123 0.072 1.717 0.086
Gender 0.029 0.069 0.415 0.678

RSPAN ON Age 0.068 0.072 0.953 0.340
Gender 0.120 0.064 1.885 0.059

Mr. Cucumber ON Age 0.130 0.071 1.822 0.068
Gender —0.058 0.064 —0.905 0.365

DERS - Non-acceptance ON Age 0.028 0.071 0.385 0.700
Gender 0.118 0.069 1.708 0.088

DERS - Goal ON Age —0.008 0.084 —0.090 0.928
Gender 0.034 0.071 0.485 0.628

DERS - Impulse ON Age 0.000 0.075 0.001 0.999
Gender 0.129 0.070 1.834 0.067

DERS - Awareness ON Age —0.240 0.066 -3.614 0.000
Gender 0.047 0.062 0.753 0.451

DERS - Strategies ON Age —0.028 0.070 —0.398 0.691
Gender 0.165 0.071 2.340 0.019

DERS - Clarity ON Age —0.161 0.066 —2.447 0.014
Gender 0.381 0.052 7.269 0.000

YSR — Anxious/Depressed ON Age 0.044 0.073 0.601 0.548
Gender 0.128 0.070 1.830 0.067

YSR - Withdrawn/Depressed ON Age 0.129 0.075 1.717 0.086
Gender 0.058 0.068 0.844 0.399

(Continued)
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TABLE 3 | Continued

Factor model parameters

Estimate S.E. Est./S.E. P-Value

YSR - Somatic Complains ON Age 0.079 0.065 1.204 0.228
Gender 0.194 0.064 3.047 0.002

YSR - Social Problems ON Age 0.028 0.069 0.401 0.689
Gender 0.083 0.070 1.182 0.237

YSR - Thought Problems ON Age 0.048 0.068 0.701 0.483
Gender —-0.010 0.070 —0.139 0.890

YSR - Attention Problems ON Age 0.077 0.068 1.136 0.256
Gender —0.058 0.070 -0.828 0.408

YSR - Rule-Breaking ON Age 0.123 0.057 2.169 0.030
Gender —0.084 0.072 -1.179 0.238

YSR - Aggressive Behaviors ON Age 0.087 0.065 1.344 0.179
Gender -0.018 0.072 —0.249 0.804

Uppercase words in the first column refer to the M-Plus sintax: BY relates latent factors with their observed variables; ON means that a variable is predicted from one or
more others latent or observed variables; WITH indicates a correlation between variables; Symm_Span = Symmetry complex span; RSPAN = Reading Span

more subject to voluntary control, while others seem to click in
a more “automatic” way and rely on more primitive processes.
The key point is that these processes are in constant interaction,
and this interaction increases activity that can be both cognitive
and emotional. Using the concept of neuroaxis, Lewis and Todd
(2007) analyzed the brain activity in a bidirectional way. They
imagined these processes as the extremes of a vertical continuum
that can be “walked through” both from top-down to bottom-up
and vice-versa. In this sense, the system that may have a larger
impact on decision-making processes may change according to
the situation, and in particular emotional situations, and behavior
may be driven primarily by processes that are more primitive and
less influenced by the environment, similar to control processes.

Behavioral Outcomes, ER and WM:
Which Relationship?

Internalizing/externalizing factors of YSR appear to be separate
yet related coherently with the latent organization suggested by
Achenbach and Rescorla (2001), although no significant and
direct relation with ER and WM factor appeared. Our results, in
fact, show how difficulties in emotion regulation are associated
with WM efficiency, with WM that appear to be affected by more
complex aspects of regulation. This specific result is particularly
interesting, especially considering the age range investigated
and the potential in terms of adding knowledge about the
connection between two dimensions often treated as separate
such as emotion regulation and WM, in a time of enhancement
of the emotional arousal and growth of cognitive skills. On the
other hand the absence of significant direct relation between WM
and YSR may represent a less consistent result with respect to
the documented relation between WM and the two ER factors.
One possible explanation calls into account the problematic use
of the YSR scale with the typically developing population. In fact,
the presence of much-polarized items may not reflect a typical
expression of internalizing or externalizing tendencies, thus the
YSR scale may be more useful to discriminate extreme behaviors

than to capture individual differences within the continuum of
the norm.

Also, the fact that our sample is not a clinical one may
have a role in not finding a strong association between
these components. While presenting results, most participants
indicated that they actually could recognize themselves in Dahl’s
paradox, meaning they sometimes could not help their feelings
and emotions that they felt “all over the place.” Experiencing
emotions and actually mentalising about them may be two very
different issues, especially during adolescence (Dahl, 2004), and
the emotional impact of the event may highlight these episodes
in their minds so they report them due to their vivid memory of
it. With regard to the organization of ER, behavioral outcomes
and WM, there is a general lack of studies that directly document
similar results in terms of WM efficiency and its relation with
specific self-reported aspects of regulation, both behavioral and
emotional.

Another possible explanation with reference to this specific
result, may be found in the hypothesis formulated by Romer
et al. (2009), who found non-direct relation between cognitive
features and some more complex outcomes related also to
more emotional issues may exist In fact, according to this
hypothesis, in regression analysis impulsivity seems to be related
to externalizing behavior whereas WM shows only indirect
association with externalizing behavior mediated by impulsivity
and more complex aspects of human behavior such as sensation
seeking. We are not able to demonstrate that in our sample as we
did not consider sensation seeking for our study although this
interpretation would make sense as WM and Inhibition work
together in managing complex everyday situations (Diamond,
2013) and would be an interesting perspective to be considered
for future research. In conclusion, the results of the present study
confirm the importance of ER difficulties in WM and in being
a possible explanation for individual differences. In turn, WM is
important in managing the impact of emotional elicitations but
also in enhancing the awareness of difficulties, in reporting more
aggressive behaviors. From this perspective, the awareness from
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having strong WM may be used as a tool for intervention in the
TD population, who is in a delicate time of growth (Crone, 2009;
Dahl, 2004), to be able to help them to cope with these statistically
normal difficulties and prevent future discomfort or disease.

Limitations to the Present Study

Several limitations of this study warrant mentioning. We used
self-reported questionnaires basically developed as screening
instruments that investigate social aspects of regulation
indirectly, such as tendency to “lose control” or “getting into a
fight,” which are specific and social aspects at one extreme, while
such phenomena as “going blank” and not being able to complete
a task even when the rules to perform it have already been learned
but emotional arousal or anxiety prevent the individual from
accessing that knowledge, were not investigated. Additionally,
a debriefing asking in order to better understand the three-
point responses to the YSR would have been useful. Despite
these limitations, the study showed some strengths, taking into
account a developmental period that has been less investigated,
and comparing it with adulthood and childhood using a larger
and more uniform sample, in terms of age range, than those that
have been employed in previous studies (e.g., Romer et al., 2009,
2011). It also offers an investigation of less explored aspects of the
existing relationship between WM, ER and behavioral outcomes.

CONCLUSION

In general, this study showed a significant relationship between
self-reported difficulties in ER and WM, adding knowledge
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OVERVIEW

This article argues that individual differences in processing speed are important in the relationship
between executive function (EF) and academic achievement in primary school children. It proposes
that processing times within EF tasks can be used to predict academic attainment and aid in the
development of intervention programmes.

EXECUTIVE FUNCTION AND ACADEMIC ACHIEVEMENT

Executive function (EF) is an umbrella term for a set of cognitive constructs required when routine
behavior is insufficient to achieve a known goal; in such cases, executive control of attention is
required (Norman and Shallice, 1980/1986). There is much evidence that this effortful attentional
resource is limited (e.g., Schmeichel, 2007), and is used in prioritizing behavior, inhibiting irrelevant
or inappropriate actions, maintaining information in short-term memory, filtering out irrelevant
stimuli, and switching attention between tasks or rules (Diamond, 2006). Research generally
considers task-switching, inhibition and updating! to be the core EFs (e.g., Miyake et al., 2000).
As such, studies investigating the structure of EFs in children have typically examined these three
constructs (e.g., Huizinga et al., 2006; van der Ven et al., 2013).

Research over the past 20 years has shown that children exhibit developmental increases in
EF from infancy to adulthood (Anderson, 2002) and that such increases are linked to academic
achievement (e.g., Best et al., 2011). For example, studies have linked inhibition to mathematics
(Bull and Scerif, 2001), task-switching to reading (e.g., van der Sluis et al., 2007) and mathematics
(e.g., Bull and Scerif, 2001), and updating (Van der Ven et al., 2012) or working memory (WM)
(Cragg et al., 2017) to mathematics. There is strong evidence to suggest that an understanding
of how EF facilitates learning can enable early cognitive deficit identification and subsequent
intervention programmes (e.g., Ribner et al., 2017).

1Updating has been defined as the cognitive ability to store, monitor and modify information in an accessible state (e.g.,
Miyake et al., 2000). St Clair-Thompson and Gathercole (2006) assessed children on four WM tasks and two updating
measures. It was found that all the tasks loaded together on the same factor. They concluded that measures of WM and
updating assess the same underlying construct. Updating in this article is thus considered synonymous with WM.
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VARIABILITY IN METHOD AND FINDINGS

Since the seminal work of Miyake et al. (2000), studies have
increasingly looked to latent variable analysis to understand the
structure and role of EFs. By calculating the variance shared
between tasks purporting to measure a certain EF construct, a
latent variable for that construct is created. However, there is
variability in the findings from such studies. For example, studies
have found a two-factor structure of WM and shifting, wherein
inhibition was not identifiable in 7- to 21-year-olds (Huizinga
et al., 2006) and 9- to 12-year-olds (van der Sluis et al., 2007).
Conversely, other research found that WM and a combination of
inhibition and shifting created a two-factor model in 6- to 8-year-
olds (van der Ven et al,, 2013) and 5- to 13-year-olds (Lee et al.,
2013).

Further to this, there has also been concern regarding the
reliability of EF measures (see Miyake and Friedman, 2012,
for a review). Studies that have found EF to predict school
achievement have varied in the methods employed. For example,
studies linking inhibition to mathematics have used a single
measure to represent this EF (e.g., Bull and Scerif, 2001) or have
not used a specific measure of inhibition, but used inference
from other assessments, such as the ability to reject irrelevant
information in a WM task (e.g., Passolunghi et al., 1999).

To address these methodological issues, latent variable
analysis has been used to examine the relationship between EF
and academic abilities. When this has been done, a different
story starts to emerge than that shown in earlier studies. In
a study of 211 7- and 8-year-olds, Van der Ven et al. (2012)
found that, after controlling for updating ability, latent constructs
for inhibition and task-switching did not predict mathematical
performance. Similarly, van der Sluis et al. (2007) examined
the contributions of inhibition, task-switching and updating to
reading, arithmetic and non-verbal reasoning in 9- to 12-year-
olds. No latent inhibition factor was identified, and the task-
switching factor predicted only non-verbal reasoning and reading
performance. However, updating related to reading, arithmetic,
and non-verbal reasoning. In fact, when updating was included
as a predictor in such studies, the variance in academic ability
explained by inhibition and task-switching was usually no longer
significant (see also Toll et al., 2011).

These studies illustrate that there remain unanswered
questions regarding the structure of EE, and its relationship with
academic attainment. In this article, it is argued that considering
the role of processing speed in EF task performance may assist
in answering these questions. The basis for this argument lies in
the findings of the following studies that investigated issues in EF
measurement.

ADDRESSING ISSUES IN EF
MEASUREMENT

Processing speed has been shown to influence the structure of
EF. For example, van der Ven et al. (2013) controlled for baseline
speed in measures of EF, and used speed scores to indicate
inhibition and shifting ability. On the basis of their findings,

they argued that variations in the structural organization of EF
might be the result of differences in the methodologies used
(i.e., controlling or not controlling for speed). Further evidence
supports this finding. Huizinga et al. (2006) could not identify
an inhibition factor in 9- to 12-year-olds, when controlling for
processing speed. In addition, McAuley and White (2011) found
that processing speed accounted for significant variance in the
developmental trajectory of WM and inhibition. Acknowledging
some degree of speculation, they suggested that processing speed
may enable faster interpretation of environmental cues which
indicate the suitability of certain purposeful behaviors. These
studies provide evidence that processing speed is important in
EF and are consistent with Fry and Hale (1996, 2000) who argued
that processing speed underpins all EF constructs.

Given the varied findings regarding the link between EF
structure and academic ability, there is value in investigating
how processing speed may influence this relationship. Although
studies have investigated this, they have used speeded tasks that
sit outside of EF tasks (e.g., Bayliss et al., 2005; Berg, 2008;
Passolunghi and Lanfranchi, 2012). However, van der Sluis et al.
(2007) looked at the role of processing speed within EF, and how
EF then relates to academic ability. They did this to address an
important issue in EF measurement, the task impurity problem.
This problem arises due to the need for participants to engage
other, non-executive, cognitive abilities when completing EF
tasks (Burgess, 1997). van der Sluis examined the structure of
EF and its relationship to reading, arithmetic and non-verbal
reasoning in 9- to 12-year-olds. Seven tasks were used and
performance on each was separated into executive and non-
executive components. For example, a non-executive component
required rapid naming of a letter and the executive component
required naming of the letter dependent on its location within
a square. Performance on the simple processing component
of the task was separated from performance when there was
an executive load. The two performance indices (i.e., accuracy
in the executive component and processing time in the non-
executive component) were used to predict academic ability. A
shifting and an updating factor were identified when controlling
for the variance explained by the speeded non-executive task
and updating was linked to reading and mathematics. However,
performance on the non-executive speeded components was
more strongly related to arithmetic and reading ability than the
executive-loaded components.

So far we have discussed the evidence that processing speed
is important in EF structure, and that it influences how EF
constructs relate to academic achievement. This article now
argues that identifying individual differences in processing speeds
when there is an executive load can explain the link between EF
and academic attainment.

THE USE OF TASK-RELATED
PROCESSING SPEED TO PREDICT
ACADEMIC ACHIEVEMENT

There is considerable evidence for links between processing
speed, EF and academic achievement. This is, in part, evident
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in the similar developmental trajectories of the three abilities.
Information processing has been shown to develop rapidly
from 3 to 5 years of age (Espy et al., 2006), with significant
improvements observed in 9- and 10-year-olds (Kail, 1986).
This trend is commensurate with the developmental increases
in EF (Anderson, 2002; Demetriou et al., 2014) and academic
achievement (Best et al., 2011; Demetriou et al., 2014) mentioned
previously. Links between processing speed and EF are further
supported by early research explaining capacity increases in WM.
According to the task-switching (Towse and Hitch, 1995) and
resource sharing (Daneman and Carpenter, 1980) hypotheses,
a developmental increase in processing speed can explain an
enhanced ability to refresh decaying memory items (Towse and
Hitch, 1995) or free up storage space (Daneman and Carpenter,
1980). In addition, Bayliss et al. (2005) found that processing
speed contributed, in part, to developmental improvements in
complex span task performance due to decay prevention and
faster reactivation of memory items. Furthermore, the time-
based resource-sharing model of WM (Camos and Barrouillet,
2011) argues for the development of an attentional switching
capability to explain increases in WM capacity at approximately
7 years of age; and this ability is demonstrated by a linear
relationship between processing speed and storage capacity in
complex span tasks.

Even when examining WM alone, placing stress on a
participant’s ability to process information more quickly
has resulted in stronger relationships with measures of
reading, mathematics and non-verbal reasoning (Lépine et al,
2005). Lépine and colleagues restricted the time available for
participants to process stimuli in complex span tasks, before
asking them to recall the memoranda related to the task.
When comparing performance to that on tasks with no time
restrictions, it was found that time-restricted tasks showed
stronger links to performance on the measures of reading,
mathematics and non-verbal reasoning.

The research discussed in this article provides evidence
that individual differences in EF may be underpinned by
the speed with which information can be processed when
there are executive demands. Furthermore, the relationship
between EF and academic abilities is strengthened when time
restrictions are placed on the processing component of EF tasks
(Lépine et al., 2005). This suggests that individual differences
in processing speed during executive control of attention may
explain differences in EF, and its relationship with academic
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Little is known about the relationship between prosodic abilities and executive
function skills. As deficits in executive functions (EFs) and prosodic impairments are
characteristics of autism, we examined how EFs are related to prosodic performance in
children with high-functioning autism (HFA). Fifteen children with HFA (M = 7.4 years;
SD = 1.12), matched to 15 typically developing peers on age, gender, and non-verbal
intelligence participated in the study. The Profiling Elements of Prosody in Speech-
Communication (PEPS-C) was used to assess prosodic performance. The Children’s
Color Trails Test (CCTT-1, CCTT-2, and CCTT Interference Index) was used as an
indicator of executive control abilities. Our findings suggest no relation between prosodic
abilities and visual search and processing speed (assessed by CCTT-1), but a significant
link between prosodic skills and divided attention, working memory/sequencing, set-
switching, and inhibition (assessed by CCTT-2 and CCTT Interference Index). These
findings may be of clinical relevance since difficulties in EFs and prosodic deficits
are characteristic of many neurodevelopmental disorders. Future studies are needed
to further investigate the nature of the relationship between impaired prosody and
executive (dys)function.

Keywords: executive functions, prosody, prosodic skills, high-functioning autism, autism spectrum disorders

INTRODUCTION

There has been a recent interest in the study of the relationship between executive functions
(EFs) and communication skills in typical and atypical development (e.g., Bishop and Norbury,
2005; Ellis Weismer et al., 2005; Im-Bolter et al., 2006; Henry et al., 2012; Vugs et al,
2014). In typical development, a link has been suggested between inhibition and lexical and
syntactic disambiguation in children and young adults (Khanna and Boland, 2010). Working
memory has been associated with auditory and written sentence comprehension in children
and adults (e.g., Daneman and Carpenter, 1980; Roberts et al., 2007) and with sentence
production in young adults (Slevc, 2011). In atypical development, difficulties in EFs have
been observed in populations with communication impairments. For example, children with
specific language impairment tend to have lower scores than typically developing (TD) peers
on measures that assess EFs, including inhibition (Bishop and Norbury, 2005; Im-Bolter et al.,
2006), task-shifting (Marton, 2008), and working memory (Ellis Weismer et al., 2005; Henry
et al,, 2012; Vugs et al., 2014). Deficits in EFs have also been observed in other disorders
that include communication challenges, such as aphasia (Yeung and Law, 2010), traumatic
brain injury (e.g., Sainson et al, 2014), and autism spectrum disorders (ASD) (e.g., Joseph
et al., 2005). Crucially, EFs and language abilities seem to be related, both in comprehension
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and production, and prior findings suggest a link between
communication impairments and deficits in EFs.

In line with evidence suggesting that EFs are closely related
to language abilities, several models of language impairment
now propose that language performance includes cognitive
factors such as processing speed, attention, and EFs in addition
to linguistic ability (Montgomery, 2002; Gomes et al., 2007;
Leonard et al., 2007; Montgomery and Windsor, 2007; Bishop
et al, 2014). Bishop et al. (2014) proposed three models to
explain the relationship between EFs and language skills: (a)
EFs influence the development of language; (b) children use
verbal facilitation to assist them in EFs tasks; and (c) there is
no causal relationship between these skills, and it is possible
that shared problems in the development of the nervous system
could account for the correlations. Gooch et al. (2016) described
a further alternative: EFs and language skills may develop in a
reciprocal interaction, and the relationship could change over
time. In this context, longitudinal studies provided a starting
point for the understanding of this relationship. Kuhn et al.
(2014) studied the link between children’s early communicative
gestures at 15 months, language abilities at 2/3 years, and EFs
at 4 years of age, and they found that early language skills
predicted later EFs. Exploring the relationship between language
and EFs in children at-risk for language learning impairments in
the transition from preschool to schooling, Gooch et al. (2016)
found a strong concurrent relationship between language and
EFs. Therefore, EFs and language performance are related, and
theoretically this could also be true for prosodic performance.

Prosody plays an important role in communication disorders,
as difficulties with prosodic skills can impact on language abilities
in general and dramatically influence daily conversations, social
interactions (Shriberg et al., 2001; Paul et al., 2005), and even
typical language development (e.g., Cutler and Swinney, 1987;
Frota et al., 2016). For example, prosody has been shown to play
an important role in lexical and syntactic acquisition (Christophe
et al.,, 2008; Hawthorne and Gerken, 2014; de Carvalho et al,
2016). Indeed, prosody is crucial for the production and
comprehension of the organization of speech, manifested by
patterns of intonation, rhythm, prominence, and chunking of
the speech continuum (Wagner and Watson, 2010). Prosodic
features impact not only on “how we say it” but also on “what
we say.”

However, very little is known about the relationship between
cognitive processes and prosodic abilities, and an important
theoretical question is whether prosody is independent of other
cognitive aspects such as EFs. Given that deficits in EFs and
prosodic impairments are both characteristics of autism, this
study investigates how EFs are related to prosodic performance in
children with high-functioning autism (HFA), thus contributing
to our understanding about the cognitive mechanisms that
underlie language development.

AUTISM SPECTRUM DISORDERS

Autism spectrum disorders (ASD) are a complex group of
neurodevelopmental disorders, evident by early childhood,

in which the severity of symptoms ranges from minor to
incapacitating impairments. Common manifestations are
repetitive or stereotyped interests, mannerisms, and difficulties
in social communication (American Psychiatric Association,
2013). Regarding intellectual abilities, 44% of children affected
with ASD are reported to have an average intellectual ability,
24% have a borderline intelligence quotient (IQ), and 32% have
an intellectual disability (Christensen et al., 2016). The children
without intellectual disabilities are often referred to as having
HFA. Although autism is a disorder characterized by multiple
impairments, including deficits in EFs and prosody, research
has failed to clearly document the relationship between ASD,
language, cognition, and EFs.

EXECUTIVE FUNCTIONS IN AUTISM
SPECTRUM DISORDERS

Impairments in EFs have been considered a central deficit in
autism (e.g., Rajendran and Mitchell, 2007), and investigating
aspects of EFs in ASD has been an active area of research.
Specifically, studies have indicated that children with ASD
struggle with tasks requiring working memory, inhibition, and
set-shifting abilities (e.g., Ozonoff et al., 1991, 2005; Hughes et al.,
1994; Ozonoft and McEvoy, 1994; Ozonoff and Jensen, 1999;
Adams and Jarrold, 2012). Additionally, a dysfunction frequently
found is the perseveration of behavior, that is, the tendency to
continue to perform actions that are no longer appropriate to the
context (e.g., Rumsey and Hamburger, 1988; Prior and Hoffman,
1990). Children with ASD have also shown deficits in shifting
attention, and in sustained or selective attention (Noterdaeme
et al.,, 2001; Landry and Bryson, 2004). Furthermore, O’Hearn
et al. (2008), in a review, reported that impairments in tasks
requiring response inhibition, working memory, planning, and
attention are also present in adulthood. In fact, impairments in
EFs could be a potential explanation for many features of ADS,
including difficulties with planning, inhibition, flexibility, and
working memory.

PROSODIC SKILLS IN AUTISM
SPECTRUM DISORDERS

Prosodic impairments appeared amongst the first clinical
descriptions of autism (Kanner, 1943; Asperger, 1944), and
currently diagnostic tools of ASD include atypical expressive
prosody as a feature of ASD (e.g., the Autism Diagnostic
Interview-Revised, ADI-R, Lord et al., 1994; and the Autism
Diagnostic Observation Schedule, ADOS, Lord et al., 1989).
Prosodic impairments in ASD have been extensively
investigated from the viewpoint of perception and production.
Deficits in the perception of prosodic features in individuals with
ASD have been described, for example, in the comprehension of
emphatic stress (Paul et al., 2005), as well as in the perception of
pairs of the same auditory stimuli as prosodically different (Peppé
et al., 2007). Impairments in expressive prosody in individuals
with ASD have been described for rhythm, rate of speech,
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intonation patterns (e.g., Shriberg et al., 2001; McCann and
Peppé, 2003; Paul et al., 2005), and the use of prosody to convey
phrase-level prominence (McCann et al., 2007). However, some
findings are controversial. For instance, monotone intonation
has been reported but so has exaggerated intonation (Kanner,
1943; Baltaxe and Simmons, 1985; Sharda et al., 2010; Bonneh
et al., 2011; DePape et al., 2012; Filipe et al., 2014), and slow
syllabic speech has been described together with fast articulation
rate (Baron-Cohen and Staunton, 1994; for a review, see McCann
and Peppé, 2003).

In sum, results on prosody in ASD are mixed, with no
agreement between studies. So far, no convincing explanation
for these discrepant findings has been put forward. This atypical
variation might be explained by methodological problems related
to the assessment of prosody, poor diagnostic data, small sample
sizes, and lack of appropriate comparison groups (e.g., McCann
and Peppé, 2003; Diehl et al., 2009), but also by the multiplicity
and heterogeneity of symptoms in ASD (Shriberg et al., 2001; Rice
et al., 2005). Therefore, there is a current need for research in this
field that takes in account the link between symptoms in ASD,
such as cognitive abilities and prosodic skills.

PRESENT STUDY

This study examines EFs and prosody in children with HFA
and TD peers. To the best of our knowledge, no study has yet
analyzed the relation between EFs and prosodic skills, although
evidence suggests that EFs are closely related to language
abilities and that these are crucial foundations for development
and learning. Since deficits in EFs and prosodic impairments
may be a common feature of many disorders, including
neurodevelopmental disorders such as ASD, we examined EFs
performance and prosodic performance in HFA to determine
whether prosodic abilities are associated with EFs, and if so to
what extent and with what particular functions. Furthermore,
we wanted to investigate if prosodic abilities are mediating
differences in EFs performance, or if the reverse pattern was
found. This specific clinical population offers methodological
advantages because it separates out the confounding cognitive
issues seen in other atypical populations. Specifically, the analyses
aim to address the following research questions: (a) Does
atypical development (i.e., HFA) affect performance on tests
that assess prosodic skills and EFs? (b) Do prosodic skills
correlate with EFs measures in the HFA group?; and (c) Do
prosodic skills mediate the differences in EFs between the
HFA group and the TD group, or does the reverse pattern
hold?

MATERIALS AND METHODS

Participants

Fifteen children (3 girls, 12 boys) with HFA (6-9 years;
M = 7.40, SD = 1.12), who met the DSM-5 criteria for
Autism (American Psychiatric Association, 2013), participated
in the study. A team of child-psychiatrists and psychologists

made the diagnosis of ASD. The materials used in the
diagnostic procedure were the Autism Diagnostic Interview-
Revised (ADI-R; Lord et al., 1994) and the Autism Diagnostic
Observation Schedule (ADOS; Lord et al., 1989). Participants
characteristics are shown in Table 1. All HFA participants
were required to have an IQ of 80 or higher (assessed with
Wechsler Intelligence Scale for Children-IIT; Wechsler, 1991),
to control for poor performance on the prosodic tasks not
being a general consequence of cognitive impairments. Exclusion
criteria were obsessive-compulsive disorders, attention deficit
hyperactivity disorder, and learning disorders, according to
DSM-5. The group with HFA was matched to a TD group on
age (M = 7.53, SD = 0.99), gender, and non-verbal intelligence
(HFA: M = 2533, SD = 5.10; TD: M = 24, SD = 4.2
assessed with Raven’s Colored Progressive Matrices, Raven,
1995; Portuguese version, Simoes, 2000). The groups were
significantly different in general language level (HFA: M = 83.46,
SD = 17.22; TD: M = 96.89, SD = 4.97; assessed with Griffiths
Mental Development Scales 2-8 years — Sub-scale Language,
GMDS; Luiz et al., 2007), but the difference between groups
for receptive vocabulary was non-significant (HFA: M = 120.07,
SD = 34.42; TD: M = 142.07, SD = 31.51; assessed with
Peabody Picture Vocabulary Test, PPVT; Dunn and Dunn,
2007; Vicente et al., 2011, unpublished). All participants were
native speakers of European Portuguese, born and raised in
monolingual homes in the North of Portugal, with no visual or
hearing problems.

Material

Prosody

Participants were evaluated with the European Portuguese
version of the Profiling Elements of Prosody in Speech-
Communication (PEPS-C; original version: Peppé and McCann,
2003; Portuguese version: Filipe et al., 2017). This test assesses
prosodic skills through twelve subtests: six of the subtests
address receptive abilities and the other six address expressive
abilities. Each subtest comprises 2 example, 2 training, and 16
experimental items. The following is a description of each subtest.

(1) Short-Item Discrimination: assesses the ability to perceive
intonation in short-utterances of 1-3 syllables through
same/different trials. Two sounds are presented, and the
participant indicates whether the sounds are the same or
different by clicking on either a symbol for ‘same’ (two red
circles) or one for ‘different’ (red circle and green square).

(2) Short-Item Imitation: assesses the ability to imitate
intonation in short-utterances of 1-3 syllables. The
participant imitates different types of intonation patterns.

(3) Long-Item Discrimination: assesses the ability to perceive
prosodic differences in utterances of 3-6 words. The task
is the same as Short-Item Discrimination, but with longer
stimuli.

(4) Long-Item Imitation: assesses the ability to imitate prosodic
differences in utterances of 3-6 words. The participant
imitates different types of intonation patterns.

(5) Affect Reception: assesses the ability to understand liking
or disliking intonation. A sound stimulus with a liking
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TABLE 1 | Mean (M), standard deviation (SD) and range for age, non-verbal intelligence, language, and vocabulary of the participants in the high-functioning autism

(HFA) and typically developing (TD) groups.

HFA (n = 15) TD (n = 15) p-value*
M SD Range M SD Range
Age 7.40 1.50 6-9 7.53 0.99 6-9 >0.05
Non-verbal intelligence 25.33 5.10 17-32 24.00 4.22 17-32 >0.05
Language 83.46 17.22 40-115 96.89 4.97 93-123 <0.05
Vocabulary 120.07 34.42 53-182 142.07 31.51 99-188 >0.05

*p < 0.05 (one-way ANOVA). Maximum score for non-verbal Intelligence = 36. Score for language: M = 100; SD = 15. Maximum score for vocabulary = 228.

or disliking intonation is presented simultaneously with
a picture of the stimulus. Then two images showing a
happy and a sad face appear, and the participant selects the
image corresponding to the intonation pattern heard (i.e.,
happy face for liking intonation or sad face for disliking
intonation).

Affect Expression: assesses the ability to produce liking
or disliking intonation. The participant produces liking
or disliking intonation, and shows what he/she wants to
convey with the utterance produced by pointing to the sad
or happy face.

Turn-end Reception: assesses the ability to understand
question versus statement intonation. The participant hears
a declarative or interrogative pattern and identifies the
pattern selecting one of two pictures (i.e., the participant
chooses the picture of a child offering a food item, when
hearing a question; or chooses the picture of a child reading
a book showing the object mentioned in the utterance,
when hearing a declarative).

Turn-end Expression: assesses the ability to produce
question versus statement intonation. One picture of
food offered or read out appears on the screen, and the
participant says the item with suitable intonation (i.e.,
interrogative or declarative pattern).

Chunking Reception: assesses the ability to comprehend
syntactically ambiguous phrases disambiguated by prosody.
The participant hears an auditory stimulus that may
correspond to two or three items (e.g., Fish-Fingers and
Fruit vs. Fish, Fingers and Fruit). Then, he/she chooses if the
utterance heard matches a picture with two or three items.

Chunking Expression: assesses the ability to produce
utterances disambiguated by prosody. Pictures with two or
three items (e.g., Fish-Fingers and Fruit vs. Fish, Fingers
and Fruit) are presented and the participant describes what
he/she is seeing.

Focus Reception: assesses the ability to identify focus. The
participant sees two colors on the screen and hears an
utterance with focus (i.e., main stress) in one color (e.g.,
Blue and BLACK socks). Then, he/she points to the color
that was focused (e.g., Black);

Focus Expression: assesses the ability to produce focus. The
participant sees a picture and hears a sentence that does
not match the picture (e.g., The black cow has the ball).
Then, he/she corrects the speaker producing the matching
sentence (e.g., The RED cow has the ball).

(6)

@)

(®)

)

(10)

(11)

(12)

Different reasons led us to prefer the PEPS-C test to other ways
of testing prosody: (1) it is a comprehensive prosodic test already
used with children with autism; (2) to our knowledge, it is the
only prosodic test available for European Portuguese that assess
both receptive and expressive prosodic abilities; (3) it does not
require specialized transcription skills; and (4) responses are the
same for all participants.

Executive Functions

Participants were evaluated with the Children’s Color Trails
Test (CCTT, Llorente et al, 2003). The CCTT consists of
two parts: CCTT-1 and CCTT-2. The CCTT-1 measures visual
tracking, processing speed, and graphomotor skills. The CCTT-
2 is a more complex task that adds divided attention, set-
switching, inhibition, and working memory/sequencing. In both
parts, participants connect circled numbers (1-15) with a pencil
in ascending order, but in CCTT-2 the numbers alternate
in color (pink and yellow). Moreover, the CCTT allows the
computation of an Interference Index that measures the added
task requirements of CCTT-2 using Time raw scores (raw scores
completion time in seconds) through the following formula:
(CCTT-2 Time raw score — CCTT-1 Time raw score)/Time
CCTT-1 Time raw score.

The CCTT test was chosen to test EFs for the following
reasons: (1) it reduces the impact of linguistic components
including administration guidelines, because visual instructions
allow administration without the linguistic component; and (2)
it overcomes limitations of an older similar test, the Children’s
Trail Making Test (Reitan, 1971), which uses a combination of
the English alphabet with colors, that might exclude children with
language or learning disabilities.

Procedure

Informed  consent obtained from  participants’
parents/caregivers, who had the opportunity to ask for further
information about the study. Each child was assessed individually
in a quiet room with adequate lightning conditions, at their
school, in their home, or at the University of Porto.

The assessment was performed in two to three sessions
completed within a month and lasting approximately 45 min
each. Administration order was the same for all the participants:
CCTT-1, CCTT-2, and PEPS-C (Short-Item, Long Item, Turn-
End, Affect, Chunking, and Focus). In PEPS-C, half of the
participants started with the receptive tasks and the other half
with the expressive tasks.

was
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RESULTS

For the PEPS-C tasks, each participant’s answer was scored as
correct (with 1 point) or incorrect (with 0 points). PEPS-C allows
the computation of a score for each subtest (maximum = 16),
and the computation of a total score that corresponds to the
sum of all subtests (maximum = 192). For the CCTT test,
scores involved the completion test time in seconds of CCTT-
1 and CCTT-2. Additionally, the CCTT Interference Index
was computed to measure the added task requirements of
CCTT-2.

HFA and Typically Developing Group

Comparisons
To examine performance differences between the HFA and TD
groups on the PEPS-C and the CCT'T, a comparative analysis was
conducted. The results were analyzed separately for each PEPS-C
task (Short-Item Discrimination, Short-Item Imitation, Long-
Item Discrimination, Long-Item Imitation, Turn-End Reception,
Turn-End Expression, Affect Reception, Affect Expression,
Chunking Reception, Chunking Expression, Focus Reception,
and Focus Expression) and for each CCTT component (CCTT-1,
CCTT-2, and CCTT Interference Index; see Table 2 for details).
In the PEPS-C, the difference between groups on the overall
mean score was significant: F(1,28) = 5214, p = 0.030;
n? = 0.157. In all the PEPS-C tasks, HFA children showed lower
scores, however the differences were significant only for Short-
Item Discrimination [F(1,28) = 4.244, p = 0.049; 1% = 0.132],
Short-Item Imitation [F(1,28) = 10.975, p = 0.003; n% = 0.282),
Turn-End Reception (F(1,28) = 4.847, p = 0.036; n? = 0.148),
Turn-End Expression (F(1,28) = 4.959, p = 0.034; 12 = 0.150),
and Affect Expression (F(1,28) = 6.322, p = 0.018; n% = 0.184).

TABLE 2 | Scores in PEPS-C tasks and CCTT components in the high-functioning
autism (HFA) and typically developing (TD) groups.

TD Group HFA Group
Mean (SD) Mean (SD)
PEPS-C 155 (14.7)* 133 (33.6)*

Short-item discrimination 15.20 (1.21)*

14.90 (1.49)*

12.47 (3.58)*

Short-item imitation 11.50 (3.98)*

Long-item discrimination 12.80 (1.27) 11.13 (6.30)
Long-item imitation 14.93 (1.16) 12.13 (56.27)
Turn-end reception 15.07 (1.62) 13.20 (3.57)*
Turn-end expression 14.13 (2.72)* 11.40 (3.79)*
Affect reception 15.13 (1.13) 14.27 (2.99)
Affect expression 13.13 (2.92)* 8.93 (5.71)*
Chunking reception 12.73 (2.25) 11.73 (3.08)
Chunking expression 11.40 (2.58) 10.67 (3.79)
Focus reception 10.93 (2.89) 11.73 (2.99)
Focus expression 4.53 (4.08) 3.80 (4.29)
CCTT-1 49.63 (27.24) 57.20 (37.63)
CCTT-2 76.08 (36.50) 132.25 (132.57)
CCTT interference index 0.66 (0.46)* 1.29 (0.83)*

*p < 0.05.

In the CCTT, no difference between groups was found for
the time required to complete CCTT-1 or CCTT-2 (F(1,28) > 1;
F(1,28) = 2.503, p = 0.125; respectively). However, a significant
difference between groups for the CCTT Interference Index was
found (F(1,28) = 6.710, p = 0.015; 2 = 0.193; see Table 2).

Correlations Between the EFs Test and

the Prosodic Test

In order to analyze the relation between possible prosodic
impairments and other basic deficits, we computed Pearson
correlations between variables. We used the overall mean score
of the PEPS-C and the scores in the different components of the
CCTT. For both groups together (i.e., HFA and TD children),
we found no correlation between PEPS-C and CCTT-1 (see
Figure 1), but moderate correlations were found between the
PEPS-C and CCTT-2 (Pearson’s ¥ = 0.50, p < 0.001; see Figure 2),
and between the PEPS-C and the CCTT Interference Index
(Pearson’s r = 0.48, p < 0.001; see Figure 3). Additionally,
correlations between PEPS-C individual tasks and CCTT
components were also calculated, with receptive tasks being
more correlated with CCTT components than expressive tasks
(the exception is Affect Expression), and CCTT-2 and CCTT
Interference Index generally showing stronger correlations with
PEPS-C tasks (see Table 3 for details). However, when the
groups were considered separately, the correlations lost statistical
significance.

Mediation Analysis

To explore the possible link between EFs (assessed by the CCTT
Interference Index) and prosodic impairments in HFA, and to
further analyze the group effect, we used a mediation analysis
following Baron and Kenny (1986) in the assumption that
the effect of an independent variable on a dependent variable
is mediated by a mediating variable. First, we examined the
hypothesis that prosodic abilities mediate the differences in EFs
between the HFA group and the TD group. This hypothesis

200,00

150,00

CCTT1

100,00

50,00

75,00 100,00 125,00

PEPS-C

150,00 175,00

FIGURE 1 | Scatter plot displaying the correlation between PEPS-C and
CCTT-1.
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would be supported if the effect of Prosody (i.e., the mediator)
on EFs (ie., the dependent variable) is greater than the effect of
Group (i.e., the independent variable) on EFs, and the effect of
Group on EFs is significantly reduced or absent after controlling
for prosody. A series of regression analyses were thus conducted
to assess (see Figure 4 for details): (a) the direct effect of Group
on Prosody; (b) the direct effect of Prosody on EFs; (¢) and the
direct effect of Group on EFs.

The direct effect of Group on Prosody (path a in Figure 4)
showed an adjusted R? of.127 (B = —0.39; t = —2,28, p = 0.03);
the direct effect of Prosody on EFs (path b in Figure 4) showed an
adjusted R? 0f.229 (B = 0.48; t = 2,87, p = 0.008); and the direct
effect of Group on EFs (path c in Figure 4) showed an adjusted R?
of.165 (B = 0.44; t = 2,59, p = 0.015). All models were significant.
However, the effect of Prosody on EFs was larger than the effect
of Group on EFs, and the effect of Group on EFs after controlling
for Prosody became not significant (path ¢ in Figure 4; = 0.30;
t = 1,70, p = 0.101).

600,00 L 2

400,00

CCTT2

200,00

.00

75,00 100,00 125,00

PEPS-C

FIGURE 2 | Scatter plot displaying the correlation between PEPS-C and
CCTT-2.

CCTT-IF

75,00 100,00 125,00

PEPS-C

150,00 175,00

FIGURE 3 | Scatter plot displaying the correlation between PEPS-C and
CCTT Interference Index (CCTT-IF).

TABLE 3 | Correlations between PEPS-C tasks, CCTT-1, CCTT-2, and CCTT
interference index.

PEPS-C tasks CCTT-1 CCTT-2 CCTT
interference
index
Short-item discrimination —-0.24 —0.47* —0.60"*
Short-item imitation —0.08 —-0.13 -0.18
Long-item discrimination —-0.22 —0.31 —0.36*
Long-item imitation —0.23 —0.38 —0.44*
Turn-end reception -0.32 —0.48* —-0.35
Turn-end expression -0.22 —0.45* —0.40*
Affect reception —0.53** —0.68** —0.44*
Affect expression —0.37* —0.45%* —0.25
Chunking reception -0.32 —0.36* -0.28
Chunking expression -0.12 —0.01 -0.18
Focus reception —0.20 —0.29 —0.31
Focus expression —-0.12 -0.15 —0.18

*p < 0.05. **p < 0.001.

Secondly, to analyze the direction of this effect, the reverse
regression was performed exploring the effect of Group on
Prosody after controlling for EFs. Results showed that Group
also became not significant after controlling for EFs (B = 0.23;
t = —1,26, p = 0.218). This suggests that Prosody is mediating
differences in EFs between groups, but the reverse pattern also

holds.

DISCUSSION

The relation between EFs and prosody is of interest to researchers
and clinicians. The present study extends research on prosodic
skills and EFs in autism by investigating these abilities in
children with HFA compared to TD peers, and examining the
relations between these abilities. Fifteen children with HFA
were matched to 15 TD peers on chronological age, gender,
and non-verbal intelligence. The PEPS-C was used to assess
prosodic performance and the CCTT as an indicator of non-
verbal executive control abilities. The results of the present study
point to three main findings.

First, HFA children scored significantly lower on the PEPS-
C than TD children, pointing to impaired prosodic skills. Lower
performance on EFs was also found for HFA children: for
CCTT-1 there was no difference between groups; for CCTT-
2 the HFA scored worse than TD, although this difference
was non-significant; for CCTT Interference Index the difference
between groups was significant. These findings show that atypical
development affects both prosody and EFs. These results are
consistent with findings from other studies reporting that
children with HFA performed significantly less well than controls
in prosodic tasks (e.g., Rutherford et al., 2002; Peppé et al., 2007)
and in EFs tests (e.g., Rajendran and Mitchell, 2007).

Second, the examination of the relation between cognitive
processes and prosodic performance in the clinical group showed
no correlation between PEPS-C and CCTT-1, but moderate
correlations between PEPS-C and CCTT-2, and between PEPS-
C and the CCTT Interference Index. Our findings thus suggest
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Prosody
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Executive Functions

FIGURE 4 | lllustration of mediation analysis (path a = relation between Group and Prosody; path b = relation between Prosody and Executive Functions; path
¢’ = absence of remaining relation between Group and Executive Functions once Prosody has been added as a mediating factor.

no relation between prosodic abilities and visual search and
processing speed (assessed by CCTT-1), but a significant
association between prosodic deficits and divided attention,
working memory/sequencing, set-switching, and inhibition
(assessed by CCTT-2 and CCTT Interference Index). Prior
research involving children with atypical development also found
that deficits in aspects of communication and EFs are associated
(e.g., Bishop and Norbury, 2005; Ellis Weismer et al., 2005;
Im-Bolter et al., 2006; Henry et al., 2012; Vugs et al., 2014). The
current study extends these findings to prosodic abilities and EFs
skills.

Third, the results from the mediation analysis showed that the
effect of Prosody on EFs was greater than the effect of Group
(HFA vs. TD) on EFs, and the effect of Group on EFs after
controlling for Prosody became non-significant, thus confirming
the hypothesis that prosody influences EFs. The reverse pattern
was also found, however, showing that EFs also affect prosodic
skills. These results highlight the important (bidirectional) link
between EFs skills and prosodic abilities.

Although several studies have described expressive and
receptive prosodic impairments in ASD, no consensus has
emerged on the characterization of the prosodic profile of
this clinical population. From earlier research it is also not
clear whether impaired prosody is related to specific cognitive
profiles. It is unknown whether deficits in EFs lead to poor
communication or whether other cognitive aspects are also at
play, influencing the development of EFs and communication
(e.g., Bishop et al, 2014). The present study, by focusing on
children with HFA, sheds some light on the link between
prosodic abilities and EFs, while controlling for the confounding
cognitive difficulties related to intellectual disabilities that usually
characterize atypical populations. The finding of an association
between prosodic impairments (and therefore communication
deficits) and EFs in the current study thus presents an important
contribution to this research field. Such association is evident not
only in the fact that prosodic abilities and EFs are related, but also
in the mediating role of prosodic abilities in EFs performance,
and vice-versa, with our results pointing to poorer prosodic
abilities leading to poorer EFs, and poorer EFs influencing poorer
prosodic abilities. Even though our findings did not provide a
clear answer about the direction of the relation between EFs
and prosodic abilities, as they suggest that the influence is
bidirectional, this strong influence raises the important question
that shared genetic mechanisms could be involved in the

development of both abilities. Bishop et al. (2014) suggest that
delayed development of frontal lobes may impact on brain
regions that are important for EFs and language processing.
Both EF and prosodic abilities emerge early in development, but
continue to develop until later ages, with adult-level performance
on many tests of EF and prosodic skills being reached at puberty,
and performance on many measures continuing to change into
adulthood (e.g., Anderson, 2002; Peppé and McCann, 2003; Wells
et al., 2004; Best et al., 2009; Filipe et al., 2017). Therefore, the
comorbidity between difficulties in EF and prosodic impairments
could be a consequence of shared genetic mechanisms.

Childhood communication disorders are associated with
different neuropsychological problems. The most commonly
associated neuropsychological deficits are problems involving
attention and EFs that are usually a common denominator in
the different clinical pictures of language disorders. Although the
linguistic signs of these disorders are fairly well understood, the
associated neuropsychological signs have yet not been studied. It
is hoped that the present study is a first step in this direction. As
EFs play an important role in the cognitive control of behavior,
clinicians, such as speech-language pathologists, should be aware
of the relation between cognitive behavior and communicative
impairments. Our findings suggest that clinicians responsible
for the evaluation of patients with a wide variety of cognitive
disorders and language impairments should test both language
and EFs in their assessments.

This study has a number of limitations that should be carefully
considered. One limitation is the use of the PEPS-C as the only
measure of prosodic abilities. The PEPS-C involves the explicit
use of prosody, and this makes the tasks easier for children with
autism because these individuals tend to not attend to socially
relevant information, but might be able to process information
when their attention is navigated toward it (Senju, 2012). Future
studies should provide another kind of measures for prosodic
skills, such as acoustic and phonological analysis for expressive
skills and online perception tasks for receptive skills, in order
to draw a more comprehensive and accurate view of prosodic
deficits in autism. In addition, although the test for EFs was
carefully chosen for its non-verbal demands, using the CCTT as
the only measure of EFs is certainly a limitation. The fact that the
mediation analysis relies only on the CCTT Interference Index
is yet another limitation. Future studies should measure other
components of EFs to better characterize this multidimensional
construct.
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Future research should also explore the relation between
EFs and prosodic abilities with larger sample sizes and more
robust statistical analyses to verify if the present pattern of
findings can be replicated. An interesting approach to use in
future research is the latent variables approach to capture the
link between EFs skills and language domains. Furthermore,
some studies have shown that methylphenidate, which produces
effects in alertness, combats fatigue, and improves attention,
also improves language processing in children (Westby and
Watson, 2004; Mclnnes et al., 2007). Thus further evidence
for the possible causal relation between EFs and language
domains could be provided by studies addressing whether
improving EFs also improves prosodic/language/communicative
performance.

CONCLUSION

The field of communication impairments and EFs promises
to continue as an important area of research concerning the
challenging problems of autism. The present study provides
important and exciting new directions in the research on
prosodic and EFs skills in autism, and may be of considerable
interest for clinical practice since EFs and prosodic impairments
are characteristic of many neurodevelopmental disorders.
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To elucidate the core executive function profile (strengths and weaknesses in inhibition,
updating, and switching) associated with dyslexia, this study explored executive function
in 27 children with dyslexia and 29 age matched controls using sensitive z-mean
measures of each ability and controlled for individual differences in processing speed.
This study found that developmental dyslexia is associated with inhibition and updating,
but not switching impairments, at the error z-mean composite level, whilst controlling for
processing speed. Inhibition and updating (but not switching) error composites predicted
both dyslexia likelihood and reading ability across the full range of variation from typical
to atypical. The predictive relationships were such that those with poorer performance
on inhibition and updating measures were significantly more likely to have a diagnosis
of developmental dyslexia and also demonstrate poorer reading ability. These findings
suggest that inhibition and updating abilities are associated with developmental dyslexia
and predict reading ability. Future studies should explore executive function training as an
intervention for children with dyslexia as core executive functions appear to be modifiable
with training and may transfer to improved reading ability.

Keywords: dyslexia, executive function, inhibition, updating, processing speed, reading

INTRODUCTION

Although developmental dyslexia is a neurodevelopmental disorder characterised by reading (such
as accuracy and speed problems) and phonological difficulties (awareness and implementation
of sound structure of language), despite adequate instruction and intellectual ability (World
Health Organization, 1992; American Psychiatric Association, 1994, 2013). Executive function
impairments are frequently observed.

Executive function is an umbrella term for a range of high-level cognitive processes associated
with frontal regions of the brain which subserve goal-directed behaviour. Executive function is
what enables us to represent and manipulate goal-related information in a highly active state,
focus our attention in the face of distraction, update goal relevant information in working
memory, rapidly adapt to changing demands within our environment and plan our actions
accordingly. Although in agreement on the importance of executive function for directing
behaviour, most theories define and segment the elusive concept of executive function differently
(see Jurado and Rosselli, 2007 for a more comprehensive review of executive function and
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associated theories). Baddeley and Hitch (1974) proposed that
working memory is comprised of two domain specific storage
components (visuo-spatial sketchpad and phonological loop)
and one domain general control component (central executive).
Within their model, the central executive is defined as the
component responsible for the manipulation of information,
focusing attention on relevant and inhibiting irrelevant stimuli,
regulating performance across multi-tasking conditions, and
planning behavioural sequences (Baddeley and Hitch, 1974).
The Supervisory Attentional System (SAS) conceptualised by
Norman and and Shallice (1986) is an attentional control
mechanism necessary for the initiation of effortful goal-directed
behaviours (requiring planning, error monitoring and resisting)
as opposed to automatic effortless behaviours. The SAS selection
and control of actions depends upon contention scheduling,
a process involving anatagonistic activation and inhibition of
action schemas (Norman and and Shallice, 1986). Within both
models, executive function is labelled as a unitary component
responsible for multiple sub-functions. Executive function is
also often measured with complex tasks such as Tower of
London, Wisconsin Card Sort Task, and complex span tasks,
which tap multiple sub-functions together and are sensitive
for detecting profuse executive dysfunction in frontal lesion
patients.

More recent work on the latent factor structure of executive
function in typical samples indicates that executive function
is comprised of a set of core related (through the common
executive function: inhibition) and distinct (updating specific
and switching specific) processes which contribute differentially
to complex tasks and may be antagonistically related (trade-
offs between inhibition and switching specific; Miyake et al.,
2000; Miyake and Friedman, 2012; Snyder et al., 2015). Complex
executive function tasks therefore lack the specificity to detect
the fine-grained core executive processes of inhibition, updating
and switching (Miyake et al., 2000; Snyder et al, 2015),
particularly in conditions which are associated with more subtle
impairments rather than the severe executive impairments
observed in lesion patients (Snyder et al., 2015). This is not to
say that complex executive processes such as planning, decision
making, problem solving, and verbal fluency are not “executive.”
Within Diamond’s (2013, p.136) model of executive function,
these complex processes are classified as higher-order executive
processes which are “built” from the core executive processes
of inhibition, working memory and switching. As such, there
is a value in establishing the core executive profile associated
with a condition before we begin to consider how higher-order
executive processes are impacted. Miyake and Friedman (2012)
provide a useful framework for exploring and measuring the
core executive functions of inhibition, updating and switching.
Inhibition is defined as the ability to override inappropriate
responses, regulate appropriate behaviour and control attention
by focusing on relevant information and filtering out distracting
information; updating is the ability to hold and continuously
update information in working memory from moment to
moment; and switching is the ability to rapidly adapt to changing
task demands (Miyake et al., 2000; Miyake and Friedman, 2012;
Diamond, 2013).

The core executive functions may contribute to typical
reading ability in many ways. Efficient reading requires the
coordination of multiple processes such as focusing of attention
on visual information, decoding visual information into speech
sounds, maintaining, and updating speech sounds in working
memory, combining speech sounds, matching combinations of
speech sounds with stored words, deriving semantic meaning
for comprehension, and moving onto the next word to start
this process again. Beyond efficient functioning of each stage
separately, these processes need to be carried out rapidly,
sometimes in parallel and efficient switching between each
stage is required. Inhibition may contribute to reading ability
by focusing attention on relevant visual information, ignoring
irrelevant information, maintaining speech sounds active and
protected from interference in working memory while other
stages are completed. In addition, children are often faced with
reading in somewhat noisy and distracting environments such
as the classroom, where additional demands are placed on
inhibition to filter out distracting information. Updating may
contribute to reading ability by holding and updating speech
sounds in working memory during ongoing decoding of text and
combining old speech sounds with new speech sounds to enable
full word reading and comprehension. Switching processes may
also contribute to reading, and given that multiple processes
are involved in reading, switching abilities may support rapid
alteration between different stages in the reading process which
may support reading speed.

There is evidence for genetic linkages between executive
function and reading development, Kegel and Bus (2013) found
that genes important for the development of dopamine receptors
in pre-frontal brain areas (DRD4) predict the acquisition of
alphabetic skills important for reading from kindergarten to
first grade, with executive function mediating this relationship.
Some studies have also found that dyslexia is associated with
underactivity of parietal and prefrontal areas important for
executive function during an updating task (Beneventi et al,
2010), and abnormal neurophysiological markers of executive
functioning during a range of executive tasks (Beneventi et al.,
2010; Liotti et al., 2010; Van De Voorde et al., 2010; Horowitz-
Kraus, 2014).

Despite evidence of genetic linkages between executive
function and reading and reduced activity in brain areas
supporting executive function in dyslexia, thus far, the exact
core executive function profile (strengths and impairments in
inhibition, updating, and switching; Miyake and Friedman, 2012;
Friedman and Miyake, 2016) associated with dyslexia is unclear.
Although some studies report that dyslexia is not associated with
executive function impairments (Bental and Tirosh, 2007; Smith-
Spark and Fisk, 2007; Peng et al., 2013; Bexkens et al., 2014), the
majority of the literature thus far point to impairments (Nydén
et al., 1999; Helland and Asbjernsen, 2000; Willcutt et al., 2001,
2005; Brosnan et al., 2002; van der Sluis et al., 2007; Beneventi
et al., 2010; Menghini et al.,, 2010; Poljac et al., 2010; Moura
et al., 2016; see Table 1). However, there are conflicting findings
regarding exactly which executive functions are compromised
in dyslexia. A number of studies report inhibition impairments
in dyslexia (Willcutt et al., 2001, 2005; Brosnan et al., 2002;
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TABLE 1 | Summarising characteristics of previous EF profiling studies in dyslexia.

Authors Sample (N) Age Grouping ADHD: Cont.  Profiling Measure Findings
Screened speed approach
Pennington et al., D:15 C:23 D:9.1 C:8.8 CD ST - UA EF comp. (TOH, MFF, -
1993 CPT)
Nydén et al., 1999 D:10 C:10 D:10.1 C:10.1 CD ST - MUP GNG, WCST ID: GNG
Helland and D:43 C:20 D:12.67 C: 1211 CD NH - MUP Stroop, WCST 1 D: Stroop, WCST
Asbjernsen, 2000
Palmer, 2000 D: 16 C:16 D:14 C:14 CD - - SM WCST D: WCST
Willcutt et al., 2001 D:93 C:121 D:10.4 C:10.7 RAST (SD 1.65) ST - MUP WGCST, SST, TMT, | D: WCST, TMT,
Stroop SST, Stroop
Brosnan et al., 2002 D: 30 C:30 D:14 C:13.8 CD NH - SM GEFT |D: GEFT
Jeffries and Everatt, D:21 C: 40 D:10.8 C:11.07 CD - - SM Stroop
2004
Reiter et al., 2005 D:42 C:42 D:10.8 C:10.6 CD NH - MUP FT, GNG, Stroop, TOH,  |D: FT, Stroop,
WCST, TMT TOL
Willcutt et al., 2005 D:109 C:151  D:11 C:11.5 D: RAST (SD ST - MUP SST, CPT, WCST, TMT |D: SST, CPT|,
1.75)
Smith-Spark and D:22 C:22 D:20.59 C:20.82  CD - - SM CU, sU -
Fisk, 2007
Bental and Tirosh, D:17 C:23 D:9.96 C:9.75 CD ST - MUP MFF, PM, WCST -
2007
Tiffin-Richards et al.,  D:20 C:19 D11 Ci11.7 CD ST - SM WCST -
2008
de Jongetal., 2009  D:41 C:26 D:10.1 C:9.31 CD ST - SM SST |D: SST
Marzocchi et al., D:22 C:25 D:9.43 C:9.72 CD ST - MUP ow 1D: OW
2008
Menghiniet al., 2010 D:60 C:65 D:11.43C:11.94  RAST (2 SD) NH - MUP FT, WCST ID:FT
Kapoula etal., 2010 D:10 C:14 D:15.1 C: 14.3 RAST (2SD) NH - SM Stroop 1D: Stroop
Poljac et al., 2010 D:25 C:27 D:15.4 C:15.2 CD - SM MT {D: MT
Beneventi et al., D:11 C:13 D:13.2 C:13.5 CD NH - SM P2-back 1 D: P2-back
2010
Gooch et al., 2011 D:17 C:42 D:10.69 C:10.27 CD NH - SM SST -
Schmid et al., 2011 D:20 C:16 D:9.7 C:9.3 RAST NH - SM SST |D: SST
Beidas et al., 2013 D:34 C:35 D:25.32 C:25.02 CD NH - UA EF Comp. (TOL, | D: EF comp.
WGCST, Stroop)
De Lima et al., 2012 D:20 C:20 D: 9.7 C:9.05 CD NH - MUP TMT, Stroop, TOL, 1 D: TMT, Stroop
WCST TWCST
De Weerdt et al., D:17 C:45 D:9.96 C:10.08 CD NH - SM AN-GNG, Pi-GNG 1D: AN-GNG
2013
Peng et al., 2013 D:22 C:31 D:11.09 C:10.99  RAST (25th NH Yes MUP Stroop, Num-Stroop, -
perc.) W2-back, N2-back
Bexkens et al., 2014  D:28 C:31 D:10.11 C:11.2 RAST (1 SD) NH - SP SST, Sim. T -
Varvara et al., 2014 D:60 C:65 D:11.4C:11.9 CD ST - MUP WCST, FT D FT
Moura et al., 2015 D:50 C:50 D:9.8 C:9.82 CD NH - MUP TMT, TOL, FT ID: TMT, FT
Wang and Yang, D:37 C:37 D:10.1 C:10 RAST - - SP Cog inhib comp. | D: Cog inhib
2015 (Stroop, GEFT), Behav. comp
Inhib comp (GNG, SST)
Moura et al., 2016 D:32 C:34 D:9.00 C: 9.08 CD NH - MUP TMT, FT D: TMT

D, dyslexia; C, control; CD, clinical diagnosis; RAST, researcher administered standardised test; SD, standard deviation; ST, standardised tool; NH, no history; UA, unified ability; MUP,
multiple unrelated processes; SM, single measure; SF, single process; EF, executive function; Comp, composite score; TOH/L, Tower of Hanoi/London; MFF, Matching Familiar Figures;
CPT, Continuous Performance Test; GNG, Go No-Go, WCST, Wisconsin Card Sort Test, SST, Stop Signal Task; Stroop, Stroop Task;, TMT, Trail Making Task; GEFT, Group Embedded
Figures Task; FT, Fluency Task; CU, Consonant Updating; SU, Spatial Updating; PM, Porteus Maze; OW, Opposite Worlds (TEACH); MT, Matching Switch Task; P2-back, phoneme
2-back, AN-Alphanumeric; Pi, Pic; Num, Number; W2-back, Word 2-back Task; N2-back, Number 2-back Task; Sim. T, Simon Task; Cog, Cognitive; inhib, inhibition; Behav, Behavioural.

De Lima et al, 2012; Booth et al., 2014; Proulx and Elmasry,
2014), while others do not (Reiter et al., 2005; Bental and Tirosh,
2007; Marzocchi et al., 2008; Schmid et al., 2011; Bexkens et al.,
2014). A number of studies report updating (working memory)
impairments in dyslexia (Brosnan et al., 2002; Rucklidge and
Tannock, 2002; McGee et al., 2004; Willcutt et al., 2005; Bental

and Tirosh, 2007; Smith-Spark and Fisk, 2007), while others do
not (Willcutt et al., 2005; Marzocchi et al., 2008; Peng et al., 2013).
Likewise, a number of studies report switching impairments in
dyslexia (Helland and Asbjernsen, 2000; Poljac et al., 2010; De
Lima et al., 2012), while others do not (Reiter et al., 2005; Bental
and Tirosh, 2007; Marzocchi et al., 2008; Tiffin-Richards et al.,
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2008; Menghini et al., 2010). A meta-analysis conducted by Booth
et al. (2010) indicates that dyslexia is associated with executive
dysfunction (Hedges g = 0.57), however, effect sizes vary across
tasks due to underlying task demands, these task impurity issues
make it difficult to conclude on the exact profile of core executive
functions in dyslexia.

Conflicting findings also emerge across studies exploring the
predictive ability of executive function for dyslexia likelihood
and for explaining variance in reading abilities. For instance,
Booth et al. (2014) found that inhibition and updating combined
predict dyslexia likelihood, while Moura et al. (2015) found that
switching alone predicts dyslexia likelihood. Yet others report
that executive function does not predict dyslexia likelihood
(Willcutt et al., 2010). In typical samples, executive function
appears to explain variance in reading skills, however, it is
unclear which core executive functions (inhibition, updating,
and switching) are predictive of reading. Some studies find
that working memory updating predicts word reading ability
(Christopher et al.,, 2012), while others argue that switching
predicts word reading ability (Cartwright, 2012). There is also
evidence that a combination of executive functions predict
word reading ability, yet studies also differ regarding which
combination of executive functions predict reading. For instance,
van der Sluis et al. (2007) found that updating and switching
combined are predictive of word reading ability, while other
studies suggest that inhibition and updating combined are
predictive of word reading ability (Welsh et al., 2010; Arrington
et al., 2014). Some authors have also found that a combination
of updating and processing resources such as speed predict
reading ability in typically developing children (Christopher
etal., 2012).

In atypical reading samples (dyslexia), it is unclear whether
executive function predicts reading problems, as some studies
find a predictive relationship, while others do not. Those
reporting that executive function is implicated in word reading
problems find that a different combination of executive functions
explain variability. For instance, some studies find that impaired
inhibition and updating combined predict reading problems in
dyslexia (Wang and Yang, 2015), while others find that impaired
inhibition and switching combined predict reading problems in
dyslexia (Altemeier et al., 2008). However, some studies do not
report a predictive relationship between executive function and
reading problems. Instead, a combination of working memory
capacity, processing speed and phonological abilities predict
reading problems (McGrath et al., 2011) or processing speed and
phonological abilities predict reading problems (Peterson et al.,
2016).

Inconsistencies in the type of executive functions impaired
in dyslexia and of clinical relevance for predicting dyslexia
likelihood and reading ability, may be due to differences in
sample characteristics/criteria, theoretically informed profiling
approach, measurement tools and systematic control of
confounding variables across studies (see Tables 1, 2). These
issues make it difficult to infer the exact core executive function
profile associated with dyslexia and whether variability in core
executive functions are of clinical relevance for predicting
dyslexia likelihood and variance in reading ability.

Across executive function profiling and predictive studies
there is a discrepancy between how dyslexia is classified
within the sample (see Tables 1, 2). Some studies include only
participants with a clinical diagnosis of dyslexia given by a
clinical/educational psychologist and based on DSM criteria (de
Jong et al., 2009; Gooch et al,, 2011; Varvara et al., 2014; Moura
et al., 2015, 2016), while others use researcher-administered
standardised tools to classify dyslexia, which vary in terms of
cut-off points for classification (Altemeier et al., 2008; Peng
et al.,, 2013; Bexkens et al., 2014; Booth et al., 2014). Studies
also differ with regard to method for screening co-occurring
ADHD or potentially undiagnosed ADHD from the dyslexia
sample, although some studies implement a standardised tool
to screen ADHD from the dyslexia sample (Pennington et al.,
1993; Willcutt et al., 2001, 2005; Marzocchi et al., 2008; Tiffin-
Richards et al., 2008; de Jong et al., 2009; Varvara et al., 2014),
the majority just require no history of a diagnosis or report
no method of tracking/screening ADHD from the dyslexia
alone sample, or track ADHD but do not screen it from the
sample. Not screening ADHD from the dyslexia sample is
problematic as these conditions frequently co-occur (Willcutt
and Pennington, 2000), and ADHD is associated with executive
function impairments (Barkley, 1997). This makes it difficult to
determine if executive function impairments are associated with
dyslexia alone or manifest due to the presence of elevated ADHD
within the sample.

Executive function profiling and predictive studies in dyslexia
also differ in terms of approach to measuring executive function
(see Tables 1, 2). A number of studies view executive function
as a unitary construct (employing complex measures such
as Wisconsin Card Sort Task or unitary executive function
composites; Pennington et al., 1993; Welsh et al., 2010; Beidas
et al., 2013; Moura et al., 2015), whilst others view it as multiple
but separate abilities (employing multiple complex measures
such as planning, switching, inhibition, interference control, and
verbal fluency) (Willcutt et al., 2001, 2005; Altemeier et al., 2008;
Menghini et al, 2010; De Lima et al., 2012; Arrington et al,
2014; Booth et al., 2014; Moura et al., 2015, 2016), or look at
separate processes in isolation with single tasks or composite
scores (Beneventi et al., 2010; Poljac et al., 2010; Schmid et al.,
2011; Wang and Yang, 2015). Extensive research carried out
on the 3-factor model of executive function suggests that it is
comprised of three core related (inhibition-common executive
function) but separable abilities (updating and switching) which
are most sensitively measured at the latent level with multiple
tasks (Miyake and Friedman, 2012). The 3-factor structure of
executive function has been found in childhood (Lehto et al,,
2003) and adulthood (Miyake and Friedman, 2012), However,
Huizinga et al. (2006) found evidence of a 2-factor rather
than a 3-factor model across development (7-21 years) with
latent factors of updating and switching, but not inhibition
emerging. All of the variance of inhibition was not captured
by updating and switching, rather inhibition tasks were not
treated as a single factor due to low and opposing correlations,
therefore they were included as manifest task-level factors in
the model which best fit the data (Huizinga et al, 2006).
Most executive function profiling and predictive studies do
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TABLE 2 | Summarising characteristics of executive function predictive studies of reading and dyslexia.

Authors Sample (N) Age Grouping ADHD: Cont. Profiling Measure Findings
Screened speed approach
Booth et al., D:21 CA:21 D:10.7 CA: RAST (<15th - - MUP Inhib. Comp M1: Inhib. Comp & BDS
2014 RA:21 Atracked: 9  10.6 RA:7.5 perc.) (EA-CAS, ND-CAS) distinguished D from CA &
D with A risk BDS, MD-SCPS D from RA. M2: Inhib. Comp
& MD-SCPS distinguished
D from CA & D from RA. M2
outperformed M1
Moura et al., D:50 C:50 D:9.8 C:9.82 CD & RAST NH - MUP TMT, TOL, FT TMT-B distinguished D from
2015 (15th perc.) C
Christopher Y-C: 266 O-C: 217 Y-C: 8-10 - - YES LA WM, LF (DS, SS, CS) WM & CPST predict reading
etal., 2012 D + A tracked: O-C: 11-16 Inhib. LF (CPT, SST) inY-C & O-C
128 D, 98Ain CPST, RAN
samples above.
van der Sluis C:172 C:10.67 - - - LA Naming LF (Ql, Ol, Naming, UP. & SW. predict
et al., 2007 Stroop, NSI, OS, SS, reading
PS, MT, KT, LM, DM),
UP, LF (KT, LM, DM),
SW. LF (OS, SS, PS,
TMT)
Arrington C: 1134 C:11.35-176 - - - MUP NRS, SST, VPI WM (NRS) and Inhib. (SST)
etal, 2014 predict word reading
Welsh et al., C:164 C: 4.49 (T1), - - - UA EF comp. (BWS, PTT,  EF at 4.49 predicts reading
2010 5.59 (T2), DMCST) at 6.59. EF predicted
6.59 (T3) growth in emergent literacy
Wang and D:37 C:37 D:10.1 C:10 RAST - - SP Cog inhib comp. Cog inhib. predicts reading
Yang, 2015 (Stroop, GEFT) inD&C
Behav. Inhib comp
(GNG, SST)
Altemeier S11G-4GC: 128, S1:NRS2:D:  RAST R - - MUP CWI, CWI-SS, RAS S1: CWI & RAS predict
etal., 2008 3G-6GC: 113 82: 11y 6m, 5GC: 2.8SD, S 1.6 reading across 1G-4G,
D: 122, 5GC: 10y 7m SD) strongest in 3G. S1: EF
106 A tracked: 4 D development 1G-4G
with A. predicts reading in 4G. S2:

CWI & RAS predict reading
inDand C.

D, dyslexia; A, ADHD C, control; CA, chronological age controls; RA, reading age controls; Y-C, young controls; O-C, old controls; 1G-4G C, 1st- 4th grade controls; 3G-6G C, 3rd-6th
grade controls; 5GC, 5th grade controls; S1, study 1, S2, study 2, NR, not reported; T1, time 1, T2, time 2; T3, time 3; CD, clinical diagnosis; RAST, researcher administered standardised
test; SD, standard deviation; Perc, percentile; ST, Standardised Tool; NH, no history; UA, unified ability; MUFR, multiple unrelated processes; SM, single measure; SR, single process;
LA, latent analysis; EF, Executive function; Comp, composite score; Inhib, inhibition; EA-CAS, Expressive Attention Subtest of Cognitive Assessment System; ND-CAS, Number Detect
of Cognitive Assessment System,; BDS, Backward Digit Span; MD-SCPS, Mapping and Direction Subtest from Swanson Cognitive Processing Test; M1, model 1; M2, model 2; TMT,
Trail Making Task; TOH/L, Tower of Hanoi/London; FT, Fluency Task; WM, working memory; LF, latent factor; DS, Digit Span; CS, Counting Span; SS, Sentence Span, CPT, Continuous
Performance Test; SST, Stop Signal Task; CPST, Colorado Perceptual Speed Test; RAN, Rapid Automatized Naming, UR, updating; SW, Switching; Ql, Quantity Inhibition; Ol, Object
Inhibition; Stroop, Stroop Task; NSI, Number Size Inhibition; KTT, Keep Track Task; LM, Letter Memory; DM, Digit Memory; OS, Objects Shifting; SS, symbol switching; PS, place
shifting; NRS, Numbers Reversed Subtest; VPI, Verbal Proactive Interference; BWS, Backward Span; PTT, Peg Tapping Task; DMCST, Dimensional Card Sort Task; Cog, Cognitive;
Behav, Behavioural; CWI, Colour Word Interference from D-KEFS; CWI-SS, Colour Word Interference Switch Score from D-KEFS; RAS, Rapid Automatic Switching.

not measure executive function in such a way that they can
elucidate the core profile of executive functions associated with
dyslexia.

Previous approaches to profiling executive function in
dyslexia and modelling its predictive ability for dyslexia
likelihood and variance in reading ability are also problematic
due to task impurity issues (see Tables 1, 2). Complex tasks
are poor profiling tools for detecting fine grained impairments
in core executive functions, they lack specificity in detecting
key underlying impairments, as performance is driven by a
range of core executive functions (inhibition, updating, and
switching) and non-executive processes (e.g., learning from
feedback in WCST; Miyake et al., 2000; Miyake and Friedman,

2012; Snyder et al, 2015). Viewing executive function as a
number of separate unrelated abilities or looking at single
processes in isolation does not address how these abilities are
facilitated by a number of core underlying processes which are
both related (through the common factor: inhibition) and unique
(updating and switching) (Miyake and Friedman, 2012). In
addition, use of complex or higher-order executive tasks cannot
assess potential trade-offs between executive functions (Goschke,
2000; Gruber and Goschke, 2004; Miyake and Friedman, 2012;
Blackwell et al., 2014; Snyder et al, 2015; Friedman and
Miyake, 2016). For instance, trade-offs have been observed
between inhibition and switching due to the incompatibility
of each demand (Goschke, 2000; Gruber and Goschke, 2004;
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Blackwell et al., 2014). Inhibition facilitates increased focus
by filtering irrelevant information/distractions in a top-down
manner, whilst switching requires a degree of distraction to aid
in considering alternative options in order to flexibly adapt to
changing task demands (Gruber and Goschke, 2004). Although
some authors are exploring more sensitive measurement of
executive function by employing latent constructs (van der
Sluis et al., 2007; Christopher et al., 2012). The majority of
predictive and profiling studies in dyslexia do not employ
“pure” measures of core executive functions and this necessarily
limits the fine-grained understanding of how the common and
specific aspects of executive function are clinically relevant for
predicting dyslexia likelihood and explaining variance in reading
ability.

A confounding factor in determining whether executive
function is impaired in dyslexia and of clinical relevance,
is processing speed. Processing speed is an index of the
speed of cognitive processing and is considered a general
mechanism underpinning performance on a wide range of
cognitive tasks, as constrained speed of processing results in
poor performance on time limited cognitive tasks (Salthouse,
1996). Similar to executive function, processing speed efficiency
increases from childhood into adulthood and reduced efficiency
is observed in later adulthood (Kail, 1991; Salthouse, 1996).
Processing speed has been found to mediate the age-related
changes in inhibition, working memory, and switching from
childhood to adulthood (Span et al., 2004), suggesting that it
is responsible for developmental changes in executive function.
In addition, processing speed has been shown to explain
variance in inhibition and switching, but not updating, at
the individual task level (Huizinga et al, 2006). Previous
research suggests that dyslexia is associated with processing
speed impairments compared to control participants and that
processing speed is predictive of reading ability (Willcutt et al.,
2005, 2010; Shanahan et al., 2006; McGrath et al, 2011;
Peterson et al., 2016). Peng et al. (2013) found updating and
inhibition impairments in dyslexia, yet when they controlled for
general processing speed impairments, updating and inhibition
impairments no longer reached significance. This is problematic
because poor performance on executive function tasks in dyslexia
could be a consequence of impaired processing speed. Not
controlling for processing speed then could result in false
positive findings of executive impairments, which are reflective
of a general slowness as opposed to an executive impairment
per se.

Although we highlight the importance of controlling for
processing speed when exploring whether executive function is
impaired in dyslexia and of clinical relevance, this is not to
say that processing speed is more important to account for
than phonological processes in a predictive model of reading.
Phonological impairments are consistently found in dyslexia
(Swan and Goswami, 1997; Wimmer et al., 1998), and predict
future reading ability (Mann, 1993). However, the focus of
the present study is not to establish the predictive nature of
executive function for reading ability beyond the contributions
of phonological processing or processing speed. Rather, the focus
of the present study is to establish the fine-grained profile of

executive functions associated with dyslexia and which specific
aspects of executive function support reading ability while
controlling for the confounding influence of processing speed on
executive function performance.

Most executive function profiling and predictive studies do
not measure executive function in such a way that they can
elucidate the core profile of executive functions associated with
dyslexia while accounting for individual differences in processing
speed. To address this, our study aims to profile and explore
the predictive ability of core executive functions in dyslexia
using Miyake and Friedman’s (2012) 3-factor model and to
employ sensitive measures of each construct whilst controlling
for individual differences in processing speed. Tasks were deemed
sensitive measures if they: (1) demonstrate significant loadings
onto core executive function constructs within previous latent
variable analyses studies; and (2) are underpinned by frontal
brain activation. Within this study, multiple measures are
employed for each executive construct (inhibition, updating, and
switching) with different types of content (e.g. picture, phoneme,
and alpha-numeric). Following from the work of Beneventi
et al. (2010) which found phonemic updating impairments
in dyslexia, these tasks were also carefully selected to allow
for an exploration of phoneme specific vs. general executive
processing in dyslexia. However, a consideration of processing
constraints imposed by phonemic content is beyond the scope
of this paper. Although, latent variable analysis is considered
the most sensitive approach to measure core executive functions
(Miyake and Friedman, 2012), it could not be conducted in
this study due to sample size constraints. Executive function z-
mean composite scores were created for each construct which
provide cleaner measures by filtering out any non-executive
noise when sample size is constrained (Snyder et al., 2015).
This study will include a homogenous sample of participants
with a clinical diagnosis of dyslexia and screen for elevated
ADHD using the combined ADHD subscale of the Child
Behaviour Checklist (Achenbach and Rescorla, 2001). Children
scoring in the pre-clinical/clinical range on the Child Behaviour
Checklist for their age and gender will be screened from the
dyslexia sample. By remedying some of the issues associated
with executive function measurement in dyslexia, this study may
shed light on the core executive function profile associated with
dyslexia and whether this is clinically relevant for variability in
reading.

Overall, there is difficulty in determining the core executive
function profile of dyslexia and whether core executive functions
are clinically relevant for predicting dyslexia likelihood and
variance in reading ability. By using z-mean measures of
each executive construct, this study aims to establish the core
executive function profile (strengths/impairments in inhibition,
updating, and switching) associated with dyslexia and determine
which core executive functions are predictive of dyslexia
likelihood and variance in reading ability while controlling for
individual differences in processing speed. Exploring executive
function in dyslexia using the 3-factor structure may also
elucidate strengths and impairments, as well as potential
trade-offs between executive functions which often manifest
between inhibition and switching due to incompatibility of
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each demand (Goschke, 2000; Gruber and Goschke, 2004;
Blackwell et al, 2014), thus allowing for the development
of a more sensitive and specific executive function profile
of dyslexia which cannot be captured by previous profiling
approaches.

METHODS AND MATERIALS

Participants

Fifty-six participants aged 10-12 years were recruited to take
part in this study: 27 participants (13 female, 14 male; mean age:
10.78 years) with developmental dyslexia, and 29 participants
(female:12, male: 17; mean age:10.93) with no clinical diagnosis
served as a control group. Dyslexia diagnosis was confirmed
with a copy of the psychological assessment report conducted
by a clinical or educational psychologist. Two participants in
the dyslexia group did not have a formal diagnosis of dyslexia
but were enrolled on a dyslexia support workshop at their
primary school. Initially 31 participants with dyslexia were
recruited, however 4 were removed from the analysis due
to scoring in the clinical range on the ADHD scale of the
Child Behaviour Checklist (Achenbach and Rescorla, 2001). All
participants were monolingual English speakers with normal
or corrected vision and hearing. Participants had no additional
diagnosis of a psychological or neurodevelopmental condition.
Informed consent and assent were obtained from participating
parents and children in written form. Ethical approval for this
research project was granted by Dublin City University’s Research
Ethics Committee (DCUREC/2014/167) in accordance with the
declaration of Helsinki. Participants were recruited through the
Dyslexia Association of Ireland and primary schools in Ireland.

Procedure

The research study was carried out in the psychology laboratories
in the School of Nursing and Human Sciences at Dublin City
University. All participants were assessed individually in the
presence of a parent or guardian. The testing session took ~2h
to complete and a break was taken half way through. During the
testing session children completed a battery of neuro-cognitive
(executive function), reading and processing speed measures.
The order of tasks was counterbalanced for each participant to
control for fatigue effects. All neuro-cognitive measures were
created with E-Prime Software and responses were recorded on
a Cedrus RB-50 response pad.

Measures

Processing Speed

Participants completed a computerized version of the coding
task (Wechsler, 2003) as a measure of processing speed. On
screen participants viewed a row of letters with a row of
numbers directly underneath while a letter was presented
centrally. Participants were tasked with searching for the centrally
presented letter on the letter row and pressing the number on
the keypad which was directly underneath the letter. This task
consisted of 30 trials and a practice block of 10 trials where
feedback was given. The dependent measure in this task is the
number of trials correctly completed after 30s. Latent analyses

of the coding task reveal that it loads highly onto a general
processing speed factor (Keith et al., 2006; Watkins et al., 2006;
Bodin et al., 2009). Although some authors find that this task
is correlated with inhibition and predicts variance in working
memory (Cepeda et al,, 2013). Confirmatory factor analytic
studies suggest that this task has higher loadings on a processing
speed than a working memory factor (Watkins et al., 2006; Bodin
et al,, 2009). Watkins et al. (2006) found that the loadings of the
coding task on a processing speed factor (0.70) far out-weighed
its loadings on a working memory factor (—0.04).

Inhibition Measures

Stroop task

Participants completed the Stroop Task (Balota et al., 2010)
as a measure of response inhibition. In this task participants
were presented with four colour words (red, blue, green, yellow)
and four non-colour words (poor, deep, legal, bad) which
were presented on screen in varying ink colours (red, blue,
green, yellow). In the first block (colour naming) participants
had to press the button on the response pad corresponding
to the ink colour of the word. In the second block (word
naming) participants had to press the button on the response
pad corresponding to the meaning of the word (e.g., press red
for word red only). Practice blocks were given before each
experimental block which consisted of 16 trials. Experimental
blocks consisted of 104 trials. Stimuli appeared on screen
for 5,000 ms with an inter-stimulus fixation of 500 ms. Stroop
interference effect scores for errors and reaction time were
calculated by subtracting reaction time/errors on congruent trials
from reaction time/errors on incongruent trials. The Stroop task
significantly loads onto an inhibition latent variable (Miyake
et al., 2000; Friedman and Miyake, 2004), and is underpinned
by frontal brain activation (Bench et al., 1993; Collette et al,
2005).

Picture Go No-Go task

Participants completed the picture Go No-Go task as a measure
of inhibition. This task was an adapted version of the Go No-
Go task (Brocki and Bohlin, 2004; McAuley and White, 2011)
to include pictures of common objects from the Snodgrass and
Vanderwart (1980) collection. Stimuli were chosen on the basis of
having an age of acquisition below 8 years and a name agreement
level of over 65% in children aged 5-6 years (Snodgrass and
Vanderwart, 1980; Cycowicz et al., 1997). Participants viewed a
sequence of object pictures which appeared centrally on screen
and were required to press a button for all Go pictures (manmade
objects) and to withhold response for No-Go pictures (natural
objects). The experimental block consisted of 100 trials (75 go
trials and 25 no-go trials). A practice block of 20 trials with
feedback was given prior to the experimental block. Stimuli
appeared on screen for 2,000 ms with an inter-stimulus fixation
for 1,000 ms. Stimuli were presented in the same pseudo-random
order for each participant. The dependent measure on this task
was the percentage commission errors committed. The Go No-
Go paradigm of task significantly loads on to an inhibitory
control factor (Archibald and Kerns, 1999), and is underpinned
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by frontal brain activation (Casey et al., 1997; Booth et al,
2005).

Phoneme Go No-Go task

Participants completed the phoneme Go No-Go task as a measure
of inhibition. This task was an adapted version of the Go No-
Go task (Brocki and Bohlin, 2004; McAuley and White, 2011)
to include phoneme-picture information. Stimuli were selected
from the Snodgrass and Vanderwart (1980) collection on the
basis of picture name being monosyllabic or bi-syllabic, having
an age of acquisition below 8 years and a name agreement
level of over 65% in children aged 5-6 years (Snodgrass
and Vanderwart, 1980; Cycowicz et al, 1997). Participants
viewed a sequence of pictures which appeared centrally on
screen and were required to press a button for Go stimuli
(pictures beginning with a consonant) and to withhold response
for No-Go stimuli (pictures beginning with a vowel). The
experimental block consisted of 100 trials (75 Go trials and
25 No-Go trials). A practice block of 20 trials with feedback
was given prior to experimental block. Stimuli appeared on
screen for 2,000 ms with an inter-stimulus fixation for 1,000 ms.
Stimuli were presented in the same pseudo-random order for
each participant. The dependent measure on this task was
the percentage commission errors committed. The Go No-
Go paradigm of task significantly loads on to an inhibitory
control factor (Archibald and Kerns, 1999), and is underpinned
by frontal brain activation (Casey et al., 1997; Booth et al,
2005).

Sustained attention to response task (SART)

Participants completed the random SART task as a measure
of inhibition (Robertson et al., 1997; Johnson et al., 2007).
Participants viewed a random sequence of single digits (1-9) on
screen and were instructed to respond to all digits (go trials)
with a button press except 3 (no-go trial). The experimental
block consisted of 225 trials. A practice block consisting of 18
trials with feedback was administered prior to the experimental
block. Single digits (1-9) appeared on screen for 313 ms, followed
by a response cue for 563 ms and a fixation cross for 563 ms.
Participants were instructed to respond when the response cue
was on screen. The dependent measure on this task was the
percentage commission errors committed. The random SART
places demands on inhibition (Johnson et al., 2007), is similar
in task procedure to Go No-Go task which significantly loads
on to inhibitory control (Archibald and Kerns, 1999) and is
underpinned by frontal brain activation (Fassbender et al.,
2004).

Inhibition composite

Inhibition Z-mean composite scores were calculated to provide
a cleaner measure of inhibition by filtering out non-executive
noise and to increase power due to sample size constraints
(Snyder et al., 2015). Z-mean composite scores were created
rather than Z-scores to account for the influence of number of
tasks contributing to the composite score. Z-scores for errors
and reaction time from the Picture Go No-Go, Phoneme Go No-
Go, SART, and Stroop task were combined to create inhibition

composite scores as follows:

Error composite :

(ZPicGNGComm + ZPhonGNG + ZSARTComm + ZStroopError)
4

Reaction time composite :
(ZPicGNGRT + ZPhonGNGRT + ZSARTRT + ZStroopRT)
4

Updating Measures

Letter 2-back task

Participants completed the letter 2-back (Kane et al., 2007) task
as a measure of updating working memory. Participants viewed
a continuous stream of letters presented centrally on screen
and were required to decide if the current letter on screen
matched the letter presented 2 times ago. If the letters matched
participants were instructed to press the green button on the
response pad and if the letters did not match participants were
instructed to press the red button on the response pad. The
experimental block consisted of 96 trials. Stimuli were presented
on screen for 1,000 ms with an inter-stimulus fixation for 100 ms.
Participants completed a practice block of 7 trials with feedback
given prior to the experimental block. The dependent measure
in this task is the percentage errors. The 2-back task loads on
to a working memory updating factor (Wilhelm et al., 2013),
and is underpinned by frontal brain activation (Owen et al.,
2005).

Picture 2-back task

Participants completed the picture 2-back task as a measure
of updating. This task was modified (Beneventi et al., 2010)
to include basic visual information. Stimuli were selected from
the Snodgrass and Vanderwart (1980) collection on the basis of
having an age of acquisition below 8 years and a name agreement
level of over 65% in children aged 5-6 years (Snodgrass and
Vanderwart, 1980; Cycowicz et al., 1997). Participants were
presented with a continuous stream of pictures appearing
centrally on screen and were required to decide if the current
picture on screen matched the picture that was on screen 2 times
ago. If the pictures matched, participants were instructed to press
the green button on the response pad and if pictures did not
match participants were instructed to press the red button on the
response pad. The experimental block consisted of 100 trials (33
of which were target matches). Participants completed a practice
block of 20 trials with feedback prior to the experimental block.
Stimuli appeared on screen for 1,000 ms with an inter-stimulus
fixation for 1,500 ms. The dependent measure in this task is the
percentage errors. The 2-back task loads on to a working memory
updating factor (Wilhelm et al., 2013) and is underpinned by
frontal brain activation (Owen et al., 2005; Beneventi et al., 2010).

Phoneme 2-back task

Participants completed the phoneme 2-back task as a measure
of updating. This task was a modified version of the phoneme
updating task used by Beneventi et al. (2010). This task
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was adapted for English speaking participants and only the
first phoneme 2-back condition is used in the current study.
Stimuli were selected from the Snodgrass and Vanderwart (1980)
collection on the basis of picture name being monosyllabic
or bi-syllabic, having an age of acquisition below 8 years and
a name agreement level of over 65% in children aged 5-6
years (Snodgrass and Vanderwart, 1980; Cycowicz et al., 1997).
Participants viewed a continuous sequence of pictures presented
centrally on screen and were required to decide if the first
phoneme of the current picture on screen matched the first
phoneme of the picture presented on screen two times ago. If
the phonemes matched participants were instructed to press the
green button on the response pad and if phonemes did not
match participants were instructed to press the red button on the
response pad. The experimental block consisted of 100 trials (33
of which were target matches). Participants completed a practice
block of 20 trials with feedback prior to the experimental block.
Stimuli appeared on screen for 1,000 ms with an inter-stimulus
fixation for 1,500 ms. The dependent measure in this task is the
percentage errors. The 2-back task loads on to a working memory
updating factor (Wilhelm et al., 2013) and is underpinned by
frontal brain activation (Owen et al., 2005; Beneventi et al., 2010).

Updating composite

Updating Z-mean composite scores were calculated to provide a
cleaner measure of updating by filtering out any non-EF noise
and to increase power due to sample size (Snyder et al., 2015).
Z-mean composite scores were created rather than Z-scores to
account for the influence of number of tasks contributing to the
composite score. Z-scores for errors and reactions times for the
Picture 2-back, Phoneme 2-back, and Letter 2-back tasks were
combined to create updating composite scores expressed as:

Error composite:

<ZPi62backerror + ZPhon2backerror + ZLett2backerror>
3

Reaction time composite:
<ZPic2bacth + ZPhon2backRT + ZLet2bacth>

3

Switching Measures

Number-letter switch task

Participants completed the number-letter switch task as a
measure of switching ability. An adapted version of the number-
letter task (Rogers and Monsell, 1995; Miyake et al., 2000) was
used where switch is based on the colour of stimuli instead of
the location of stimuli. Participants were presented with different
number-letter pairs (e.g., 2A) centrally on screen and were
required to decide on the number if green or to decide on the
letter if red. If the number-letter pair appeared in red participants
had to focus on the letter and decide if it was a consonant or a
vowel. If the number-letter pair appeared in green participants
had to focus on the number and decide if it was even or odd. In
the first block of 20 trials the number-letter pair only appeared in
red. In the second block of 20 trials the number-letter pair only

appeared in green. In the third block of 116 trials the number-
letter pair changed between red and green and participants were
required to switch between processing number or letter- switch
occurred on every 4th trial. Participants completed a practice
block of 12 trials with feedback prior to each experimental block.
Stimuli appeared on-screen for 5,000 ms with an inter-stimulus
fixation for 150 ms. The switch cost in errors and reaction time
for this task is the difference between trials that required a switch
and trials which required no switch. The number-letter switch
task loads onto a switching construct (Miyake et al., 2000; Collette
et al,, 2005), and is underpinned by frontal brain activation
(Collette et al., 2005).

Phoneme switch task

Participants completed the phoneme switch task as a measure
of switching ability. The number letter-task procedure (Rogers
and Monsell, 1995; Miyake et al., 2000) was adapted to contain
phoneme information. Stimuli for this task were pictures of
common objects from the Snodgrass and Vanderwart (1980)
collection on the basis of picture name being monosyllabic
or bi-syllabic, having an age of acquisition below 8 years and
a name agreement level of over 65% in children aged 5-6
years (Snodgrass and Vanderwart, 1980; Cycowicz et al., 1997).
Participants viewed a different number of pictures (e.g. 2 apples,
1 star, 3 balloons) on screen in light (light red, green, or blue) or
dark colours (dark red, green or blue). Participants were required
to do one of two things depending on the first phoneme (letter
sound) of the pictures. If the first phoneme was a consonant-
sound, participants had to decide if the pictures were light or dark
in colour. If the first phoneme was a vowel-sound, participants
had to decide if the number of pictures was even or odd. In
the first block of 20 trials only first phoneme consonant pictures
appeared on screen. In the second block of 20 trials only first
phoneme vowel pictures appeared on screen. In the third block of
116 trials the pictures changed between first phoneme consonant
and vowel, and participants were required to switch between
processing number or colour- switch occurred on every 4th trial.
Participants completed a practice block of 12 trials with feedback
prior to each experimental block. Stimuli appeared on screen for
5,000 ms with an inter-stimulus fixation for 150 ms. The switch
cost in errors and reaction time for this task is the performance
difference between trials that required a switch and trials which
required no switch. A similar task the number-letter switch task
loads onto switching construct (Miyake et al., 2000; Collette et al.,
2005), and is underpinned by frontal brain activation (Collette
et al., 2005).

Switching composite

Switching Z-mean composite scores were calculated to provide a
cleaner measure of switching by filtering out any non-executive
noise and to increase power due to sample size constraints
(Snyder et al, 2015). Z-mean composite scores were created
rather than Z-scores to account for the influence of number of
tasks contributing to the composite score. Z-scores for errors
and reaction time were combined from the Number-Letter and
Phoneme switch tasks to create switching composite scores
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expressed as:

Error composite:

( ZNumLettswitcherrorcost + ZPhonswitcherrorcost )
2

Reaction time composite:
(ZN umLettswitchRTcost + ZPhonswi tchRTcost)

2

Reading

Reading ability

Participants completed the Green word reading list from the
Wide Range Achievement Test 4 (WRAT-4) (Wilkinson and
Robertson, 2006) as a measure of reading ability. The word
reading subtest from WRAT-4 requires participants to read
from a list of 55 items increasing in difficulty. The assessment
was discontinued if participants had 10 consecutive errors. The
WRAT-4 word reading subtest demonstrates good test retest
reliability (subtest = 0.86) and consistency (subtest 0.87)
(Wilkinson and Robertson, 2006).

RESULTS
Data Analysis

To explore executive function profile associated with dyslexia,
ANOVA, and ANCOVA analyses were performed. To explore the
predictive ability of executive function z-mean composite scores
for dyslexia diagnosis logistic regressions and receiver operating
characteristic (ROC) curve analyses was performed. To explore
whether executive function z-mean composites are predictive
of variance in reading multiple linear regression analysis was
performed. Preliminary analyses were conducted to ensure
that variables did not violate the assumptions of normality,
homogeneity of variance, homogeneity of regression slopes,
independence of errors, multicollinearity, linearity, and linearity
of logit. The Stroop interference effect in errors and reaction time
on the Picture 2-back task violated the assumption of normality,
appropriate non-parametric analysis was employed for these
variables. All assumptions were met for the executive function
z-mean composite scores for linear and logistic regression
analyses.

Descriptive Statistics
Descriptive statistics and between group comparisons for the
dyslexia and control group are summarised in Table 3.

Executive Function Profile Associated With Dyslexia
Inhibition

Results from separate 2 (group: dyslexia, control) x 1 (inhibition
measure: composite, task-level) ANOVAs indicate that dyslexia
is associated with a significant inhibition impairment. At the
composite level, dyslexia is characterized by a significantly
higher inhibition z-mean error score than control participants
[F(1,53 = 13.85, p = 0.000, Cohen’s d = 1.01; Figure 1]. At
the individual task-level, dyslexia is associated with significantly
more commission errors than control participants during the

Picture Go No-Go [F(; 53 = 12.75, p = 0.001, Cohen’s d =
0.94], Phoneme Go No-Go [F(j, 54y = 5.19, p = 0.027, Cohen’s
d = 0.61), and SART tasks [F(; 54y = 6.56, p = 0.013, Cohen’s
d = 0.68].

Dyslexia is also associated with a processing speed impairment
[F1,50) = 4.84, p < 0.05, Cohen’s d = 0.60; Figure 2].
After controlling for individual variation in processing speed,
significant differences in the inhibition z-mean error score
[Fq, 52) = 9.29, p = 0.004], commission errors during the Picture
Go No-Go task [F(j, 5) = 8.50, p = 0.005] and commission errors
during the SART task [F(;, 53y = 5.91, p = 0.019] remain. Group
differences in commission errors on the Phoneme Go No-Go
[Fq, 53y = 2.59, p = 0.114] task are no longer significant after
controlling for individual variation in processing speed.

No significant group differences were observed for the
inhibition z-mean reaction time composite score, Stroop task
(Stroop effect in reaction time or error), or reaction time during
the Picture Go No-Go, Phoneme Go No-Go and SART tasks,
before or after controlling for individual variation in processing
speed (see Table 3).

Updating

Results from separate 2 (group: dyslexia, control) x 1 (updating
measure: composite, task-level) ANOVAs indicate that dyslexia
is associated with a significant updating impairment. At the
composite level, dyslexia is characterized by a significantly higher
updating z-mean error score than control participants [F(;, 54) =
19.14, p = 0.004, Cohen’s d = 0.86, Figure 3]. At the individual
task-level, dyslexia is associated with significantly more errors
during the Letter 2-back [F(;, 54y = 19.14, p = 0.000, Cohen’s d
= 1.20] and Picture 2-back [F(j, 54y = 7.72, p = 0.007, Cohen’s d
= 0.47) tasks.

After controlling for individual variation in processing speed,
significant differences for the updating z-mean error composite
score [F(j 53 = 5.68, p = 0.021] and errors during the Letter
2-back task [F(j, 53 = 15.41, p = 0.000] remained. Group
differences in errors on the Picture 2-back task are no longer
significant [F(; 53 = 3.88, p = 0.054) after controlling for
individual variation in processing speed.

No significant differences were observed for the updating z-
mean reaction time composite score, Phoneme Go No-Go task
(error rate or reaction time), or reaction time during the Letter
2-back and Picture 2-back tasks, before or after controlling for
individual variation in processing speed (see Table 3).

Switching

Results from separate 2 (group: dyslexia, control) x 1 (switching
measure: composite, task level) ANOVAs indicate that dyslexia
is associated with a switching strength. At the composite level,
dyslexia is characterized by a significantly lower switching z-
mean reaction time cost score than control participants [F(j, 54
=5.03, p = 0.029, Cohen’s d = —0.60].

After controlling for individual variation in processing speed,
significant differences for the switching z-mean reaction time cost
score are no longer significant [F(;, 53y = 2.55, p = 0.116].

No significant differences were observed for the switching
z-mean error composite score (see Figure4), Number-Letter
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TABLE 3 | Descriptive statistics and between group differences for dyslexia and control participants.

Dyslexia Control ANOVA ANCOVA

Measure N Mean SD N Mean SD F/U Df P F Df P D

Stroop RT effect 27 170.86 88.03 29 157.18 81.15 0.366 1.54 0.548 0.061 1.53 0.807 0.16
Stroop Error Effect 27 5.44 4.36 29 417 6.59 U =282 Z=-138 0.071 - - - 0.23
Pic. GNG % Comm. 27 20.33 13.37 28 9.43 8.93 12.75 1.58 0.001** 8.50 1.62 0.005** 0.94
Pic. GNG RT 27 680.06 91.08 28 711.82 124.21 1.162 1.68 0.286 2.47 1.63 0.122 —-0.29
Phon. GNG % Comm. 27 2415 12.67 29 16.55 12.27 5.193 1.54 0.027* 2.59 1.68 0.114 0.61
Phon. GNG RT 27 926.63 167.41 29 990.67 199.35 1.68 1.54 0.200 2.63 1.58 0.111 —0.35
SART % Comm. 27 41.48 16.94 29 31.31 12.61 6.56 1.54 0.013* 5.91 1.58 0.019* 0.68
SART RT 27 487.95 56.05 29 474.46 52.16 0.870 1.54 0.355 0.35 1.58 0.554 0.25
Inhibition Error Comp. 27 0.135 0.499 29 -0.391 0.546 13.85 1.58 0.000** 9.29 1.62 0.004** 1.01
Inhibition RT Comp. 27 —0.140 0.512 28 -0.091 0.790 0.09 1.58 0.771 0.760 1.62 0.387 -0.07
Let. 2-back % Error 27 59.25 16.51 29 41.37 138.17 19.14 1.54 0.000** 15.41 1.53 0.000** 1.20
Let. 2-back RT 27 578.57 90.3 29 611.56 55.43 2.75 1.54 0.108 1.37 1.53 0.247 —0.44
Pic. 2-back % Error 27 47.22 18.74 29 34.64 13.23 7.72 1.54 0.007** 3.88 1.53 0.054 0.47
Pic. 2-back RT 27 624.01 81.23 29 616.75 58.62 U=353 Z=-0.63 0.268 - - - 0.10
Phon. 2-back % Error 27 67.92 12.78 29 65.82 13.08 0.280 1.54 0.650 0.003 1.53 0.957 0.16
Phon. 2-back RT 27 610.34 88.64 29 650.57 74.46 3.40 1.54 0.071 1.71 1.583 0.197 —0.49
Updating Error. Comp 27 0.169 0.78 29 -0.462 0.679 9.22 1.54 0.004** 5.68 1.583 0.021* 0.86
Updating RT Comp. 27 0.068 0.78 29 0.307 0.589 1.68 1.54 0.20 0.559 1.58 0.458 —0.35
Num-Let SW Error Cost 27 3.33 4.65 29 2.00 4.22 1.266 1.54 0.265 1.13 1.58 0.293 0.30
Num-Let SW RT cost 27 511.80 395.82 29 690.18 336.02 3.321 1.54 0.074 1.16 1.58 0.286 —0.49
Phon. SW err. Cost 27 1.67 4.84 29 2.55 4.31 0.524 1.54 0.472 0.266 1.58 0.608 -0.19
Phon. SW RT Cost 27 490.92 533.30 29 749.95 558.58 3.14 1.54 0.082 2.07 1.58 0.156 —0.47
Switch Cost Error Comp. 27 0.036 0.826 29 -0.024 0.62 0.070 1.54 0.793 0.131 1.58 0.719 0.08
Switch Cost RT Comp. 26 —0.103 0.818 29 0.368 0.75 5.03 1.54 0.029* 2.55 1.58 0.116 —0.60
Proc. Speed (no. items) 27 7.96 2.05 29 9.31 2.49 4.48 1.54 0.032* - - - —0.59
Reading 27 34.85 8.17 29 50.59 7.48 56.60 1.54 0.000** 47.10 1.583 0.000** —2.01

Stroop RT, Stroop effect in reaction time; Stroop err, Stroop effect in error; GNG, GoNoGo, Comm, commission errors; Comp, composite score; RT, reaction time; Num-Let SW error,
Number-Letter switch cost in errors; Num-Let SW RT, Number-Letter switch cost in reaction time; Phon SW err, Phoneme switch cost in errors; Phon SW RT, phoneme switch cost in

reaction time; Proc. Speed, processing speed. P < 0.05", P < 0.01".
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FIGURE 2 | Processing speed scores for dyslexia and control participants.

Switch task (reaction time cost or error cost) or the Phoneme
Switching task (reaction time cost or error cost), before or after
controlling for individual variation in processing speed (see
Table 3).

Predicting Dyslexia Likelihood

Results from the binary logistic regression are summarised
in Table4. At step 1, processing speed only was entered
into the model to control for its influence on executive
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TABLE 4 | Binary logistic regression with executive function error composite
Updating scores.
1 . Bl Dyslexia Binary logistic regression (Dyslexia vs. Control)
< 1.0
S . Control B(SE)  Exp(B) 95%Cl —2Log Likelihood
‘g 0.5+
£ 1 1 Step 1 70.94
& 0.0 - P
] 054 Constant 2.41 (1.18) 11.16
§ Processing Speed —0.282 (0.131)*  0.754 0.584-0.975
N -1.04 i
1.5 . . Step 2 55.45
\e;‘p” &@\ Constant 0.841 (1.42) 232
o ® Processing Speed —0.051 (0.168)  0.950 0.684-1.32
Group Inhibition 1.83 (0.688)* 6.23 1.62-24.00
Updating 1.28(0.565*  3.61  1.19-10.92
FIGURE 3 | Updating Z-mean error composite scores for dyslexia and control Switching 0.031 (0.468) 1.03  0.413-2.58
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FIGURE 4 | Switching Z-mean error composite scores for dyslexia and control
participants.

function. At step 2, in addition to processing speed, inhibition,
updating and switching z-mean error composite scores were
entered into the model respectively to reflect the pattern
of impaired and unimpaired processes associated with
dyslexia.

Step 1 (processing speed): demonstrated a trend for predicting
dyslexia, the chi square [X2(1) = 5.29, p = 0.032] and—2Log
Likelihood (70.94) statistics demonstrate good model fit.
Model 1 correctly classified 65.5% of participants according to
presence/absence of dyslexia diagnosis: sensitivity 59.3% (true-
positive) and specificity 71.4% (true-negative).

The addition of the inhibition, updating and switching
composite scores at step 2, significantly improved model fit [Chi
square: Model X?(3) = 15.49, p = 0.001; —2Log Likelihood:
55.45; R% = 0.315; R%_,42]. This model correctly classified
78.2% of participants according to presence/absence of dyslexia
diagnosis: sensitivity 81.5% (true-positive) and specificity 75%
(true-negative). As outlined in Table4, this model suggests
that when accounting for low-level processing speed only
inhibition [Wald: X?(1) =7.06, p = 0.008] and updating
composite scores [Wald: X%(1) = 5.17, p = 0.023] predict

Step 1: RZ = 0.092 (Cox & Snell, 122 (Nagelkerke), Model X2(1) = 5.29, p < 0.05.
Step 2: R? = 0.315 (Cox & Snell), 0.42 (Nagelkerke), Model X2 (4) = 20.77, p < 0.001.
Hosmer and Lemeshow (Step 1) X2(6) = 10.13, p = 0.119, (Step 2) X°(7) = 8.19, p =
0.316 indicates good model fit. P < 0.05*, P < 0.01**.

dyslexia. The b-values reflect that for every for one-unit change
in inhibition score (errors) there is a corresponding 1.83-
unit change in the logit of the outcome variable, while for
every one-unit change in updating score (errors) there is a
1.28-unit change in the logit of the outcome variable. The
proportionate odds values [Exp (B)] are >1 for both predictors
suggesting that as error score on each predictor increases
the likelihood of the outcome occurring (dyslexia diagnosis)
increases.

ROC curve analysis (see Figure 5) indicates that the executive
function predictive model (inhibition and updating) is a good fit
with an area under the curve (AUC) 0f.835 (95% CI:0.727-0.942,
p = 0.000). A randomly selected participant with dyslexia will
have a higher error rate on inhibition and updating composites
than a randomly selected control participant approximately
83.5% of the time. According to Swets (1988), criteria for
diagnostic accuracy (poor:0.5-0.7, moderate:0.7-0.9, high:0.9-
1.0), inhibition and updating composites demonstrate moderate
accuracy in predicting dyslexia diagnosis.

Predicting Reading Ability

Hierarchical multiple linear regression is explored here with
processing speed entered at step 1 and inhibition, updating, and
switching error composites scores entered respectively at step
2 to address whether core executive functions are predictive of
reading ability (see Table 5 for results). Hierarchical multiple
linear regression was explored within dyslexia alone and control
alone (see Tables 6, 7 for summary of results). It should be
noted that overall each model was non-significant (dyslexia: R?
= 0.275, p = 0.07; control: R? = 0.287, p = 0.09). However,
exploring the predictive relationship between cognitive processes
and behavioural outcomes separately in clinical and non-clinical
groups has recently been criticized as it does not include the
full dimension of variability from typical to atypical (Cuthbert,
2014). For this reason, we sought to explore the predictive
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predicting dyslexia likelihood.

TABLE 5 | Linear regression model with executive function error composites
predicting reading ability across groups.

Reading Ability Across Groups

B SEB B F/T-Value P

Step 1 6.83 0.012*
Constant 29.30 5.43

Processing speed 1.58 0.61 0.338 2.61 0.012*
Step 2 10.61 0.000**
Constant 39.43 4.79

Processing speed -0.19 0.556 0.041 0.341 0.734
Inhibition —10.08 2.14 —0.527 —4.68 0.000**
Updating —4.31 1.65 —0.307 —0.262 0.012*
Switching -1.35 1.7 —0.088 —0.799 0.428

Step 1: R° = 0.114; Step 2: R? = 0.459. *p < .05, **p < 0.01.

relationship between core executive functions and reading ability
to understand how it related to the full dimension of reading
ability.

Step 1 (processing speed): significantly predicted 11.4% of the
variance in reading ability across groups. Step 2 (processing speed
and executive function): Adding executive function composite
scores to the model significantly improved the predictive ability
(45.9%) and explained an additional 34.5% of the variance in
reading ability [R?change = 0.345, F(3, 54) = 25.98, p = 0.000]. As
outlined in Table 5, the results suggest that after controlling for
processing speed abilities inhibition and updating significantly
predict reading ability. Beta values for inhibition and updating
reflecta 0.527 and 0.307 decrease in reading ability score for every
1SD increase in executive function composite error respectively.
This suggests that inhibition and updating can predict variance
in reading abilities across a trajectory from typical-atypical
reading.

TABLE 6 | Linear regression model with executive function error composites
predicting reading ability dyslexia alone.

Reading ability across groups

B SEB B F/T-Value P
Step 1 0.201 0.658
Constant 32.01 6.53
Processing speed 0.357 0.795 0.089 0.448 0.658
Step 2 2.71 0.07
Constant 34.11 6.32
Processing speed 0.249 0.759 0.062 0.329 0.745
Inhibition —7.56 2.99 —0.461 —2.52 0.019*
Updating —0.846 2.08 —0.081 —0.407 0.688
Switching —2.036 1.89 —0.233 —-1.22 0.235

Step 1: R° = 0.008; Step 2: R? = 0.275. *p < 0.05, **p < 0.01.

TABLE 7 | Linear regression model with executive function error composites
predicting reading ability control alone.

Reading ability across groups

B SEB B F/T-Value P

Step 1 2.85 0.103
Constant 41.51 5.48

Processing speed 0.954 0.565 0.314 1.67 0.103
Step 2 2.31 0.088
Constant 45.52 5.54

Processing speed 0.091 0.650 0.030 0.140 0.890
Inhibition —5.60 2.88 —0.403 —1.94 0.064
Updating —4.16 217 —0.373 —1.91 0.069
Switching —-0.195  2.29 0.016 —0.085 0.933

Step 1: R° = 0.099; Step 2: R = 0.287. *p < 0.05, **p < 0.01.

Summary of Results

Dyslexia is associated with inhibition and updating impairments
while controlling for individual variation in processing speed
impairments. Inhibition and updating are clinically relevant
for predicting dyslexia likelihood and reading ability while
controlling for individual variation in processing speed.

DISCUSSION

From previous research, the core executive function profile
(strengths and impairments in inhibition, updating, and
switching) associated with dyslexia alone is unclear. Inconsistent
impairments are found across a range of executive measures in
dyslexia. In addition, there are inconsistencies regarding which
exact aspects of executive function are predictive of dyslexia
likelihood and reading ability. Potential reasons for inconsistent
findings across the literature include discrepancies with group
classification, theoretical approach to profiling, task impurity
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issues, and a lack of control for the confounding influence of
processing speed on executive function. These issues make it
increasingly difficult to infer the core executive function profile
associated with dyslexia and whether core executive functions are
clinically relevant for predicting dyslexia diagnosis and variance
in reading ability. This study contributed to existing literature on
executive functions in dyslexia by employing sensitive measures
of each core executive construct (z-mean composites) within
the 3-factor model of executive function (Miyake et al., 2000;
Miyake and Friedman, 2012; Snyder et al., 2015) while controlling
for individual variation in processing speed, in a homogenous
sample of children with dyslexia (clinical diagnosis, screened
for elevated ADHD with a standardised measure). Findings
suggest that dyslexia is associated with inhibition and updating,
but not switching impairments at the z-mean composite level,
whilst controlling for individual variation in processing speed.
Inhibition and updating, but not switching, were also predictive
of dyslexia likelihood and reading ability, whilst controlling for
individual variation in processing speed.

The model for predicting dyslexia likelihood developed
in this study demonstrated that inhibition and updating
error composites significantly predict likelihood of dyslexia
(sensitivity: 81.5%, specificity: 75%) with moderate diagnostic
accuracy (0.835) according to Swets (1988) criteria (poor:0.5-0.7;
moderate:0.7-0.9, high:0.9-1.0). The accuracy rate suggests that
a randomly selected participant with dyslexia will have a higher
error rate on inhibition and updating z-mean error composites
than a randomly selected control participant approximately
83.5% of the time. These findings suggest that inhibition and
updating abilities not only differentiate dyslexia from control
participants but are capable of discriminating dyslexia from
control participants.

The predictive ability of inhibition and updating for dyslexia
likelihood found in this study is consistent with the work
of Booth et al. (2014), which found that a model including
inhibition and working memory abilities predict dyslexia
likelihood. Booth et al. (2014) found that a model including a
non-verbal working memory task and an inhibition composite
score (comprised of Stroop task and Number-Detection task
performance) correctly classified 78% of participants according
to absence/presence of dyslexia (sensitivity: 86%; specificity:
65%). However, in their model only the inhibition composite
score discriminated between dyslexia and control participants
(Booth et al., 2014). Although, our findings are similar to
Booth et al. (2014), their study did not include measures
of switching, control for processing speed and included 9
dyslexia participants with elevated ADHD. The findings from
our dyslexia predictive model are inconsistent with the work
of Moura et al. (2015), which found that switching abilities
predict dyslexia likelihood. Moura et al. (2015) found that
switching, as measured with the Trail Making Task, significantly
predicts dyslexia likelihood with moderate diagnostic accuracy
(0.73), and correctly classifies 71.7% of participants according to
absence/presence of dyslexia (sensitivity: 69.4%; specificity: 74%).
However, their study did not use a screening tool to remove
potential undetected ADHD, include measures of the other core
executive functions (inhibition and updating) and did not control

for processing speed. The model developed in the present study
demonstrates higher diagnostic accuracy (0.835) and correctly
classifies a higher proportion of participants (78.2%) than both
previous studies (Booth et al., 2014; Moura et al., 2015). To
our knowledge, the present study is the first to explore the
ability of all three core executive functions for predicting dyslexia
likelihood while controlling for processing speed. Although our
model found that processing speed predicts dyslexia likelihood,
after the executive function error composites were included, the
predictive relationship between processing speed and dyslexia
likelihood was no longer significant. The only core executive
functions predictive of dyslexia likelihood were inhibition and
updating, suggesting that these abilities can discriminate dyslexia
from control participants.

Inhibition and updating composites also significant predicted
reading ability. The model for predicting reading ability
developed in this study explained 45.9% of the variance in reading
ability. The initial model including only processing speed at step
1 demonstrated a trend for predicting variance in reading ability
(11.4%), however executive function z-mean error composites
significantly improved the model’s predictive ability, explaining
an additional 34.5% of variance in reading ability. Processing
speed was no longer significant after executive functions were
entered and the model suggested that inhibition and updating
were the only significant core executive predictors of reading.
The relationship was such that those with higher errors on
inhibition and updating z-mean composites had significantly
poorer reading ability.

The predictive relationship of inhibition and updating for
reading ability is consistent with previous work finding that
inhibition and working memory combined are predictive of
reading in typical samples (Welsh et al., 2010; Arrington et al.,
2014) and that working memory and inhibition are predictive of
the severity of reading impairment expressed in dyslexia (Wang
and Yang, 2015). Arrington et al. (2014) found that working
memory (Digit Span Backward task) and response inhibition
(Stop Signal task) predicted word reading ability. However,
Wang and Yang (2015) found that working memory (sentence
span) and a cognitive inhibition composite score (comprised
of Stroop and Group Embedded Figures task performance),
but not a behavioural inhibition composite score (comprised
of Go No-Go and Stop signal task performance), predicted
reading ability in dyslexia. The findings of the present study
are more similar to those of Arrington et al. (2014), as our
inhibition composite predicting reading ability was more heavily
weighted on response inhibition (Picture Go No-Go, Phoneme
Go No-Go, and SART tasks) than cognitive inhibition (Stroop
task) which did not differentiate participants at the task level.
However, both studies did not include measures of switching
and updating, or control for the influence of processing speed
on executive performance. Christopher et al. (2012) found that
working memory (sentence span, digit span, counting span)
and processing speed (perceptual speed, identical pictures),
but not inhibition (continuous performance, stop signal tasks)
latent factors predict reading ability. The predictive relationship
between processing speed and reading is also found in other
studies (McGrath et al., 2011; Peterson et al., 2016). Yet, our
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findings suggest that after including core executive functions in
the reading model processing speed is no longer a significant
predictor, while inhibition and updating are the only significant
predictors of reading ability.

Poor performance on inhibition and updating composites
was associated with poor reading ability. This suggests that the
core executive functions of inhibition and updating support
word reading ability and when disrupted as is the case
in dyslexia contribute to reading impairment. As previously
discussed, efficient reading requires the coordination of multiple
processes such as focusing of attention on visual information,
decoding visual information into speech sounds, maintaining,
and updating speech sounds in working memory, combining
speech sounds, matching combinations of speech sounds with
stored words, deriving semantic meaning for comprehension,
and moving onto the next word to start this process again. Our
findings suggest that inhibition can contribute to this process,
children with dyslexia experience inhibition difficulties which
may result in a difficulty suppressing irrelevant information and
protecting the contents of working memory. As suggested by
Arrington et al. (2014) response inhibition in particular, may
be an important gating function preventing activation of similar
words with spelling-sound mappings in working memory. This
constraint may also result in further difficulty gating external
information such as classroom noise from working memory
while reading.

Children with dyslexia also experience working memory
updating impairments, this difficulty may result in reading
difficulty due to an inability/reduced capacity to hold and update
speech sounds in working memory during ongoing decoding.
Switching was unimpaired in dyslexia and did not predict
reading, therefore children with dyslexia do not appear to
struggle with the rapid alteration between different demands.

The findings from the present study suggest that dyslexia
is associated with impaired inhibition and updating while
controlling for processing speed. These findings are consistent
with previous research documenting impaired inhibition
(Helland and Asbjernsen, 2000; Willcutt et al., 2005, 2007;
de Jong et al., 2009; De Lima et al.,, 2012; Booth et al., 2014;
Wang and Yang, 2015), impaired updating/working memory
(Beneventi et al, 2010; Booth et al, 2014; Wang and Yang,
2015), and unimpaired switching in dyslexia (Reiter et al., 2005;
Willcutt et al., 2005; Bental and Tirosh, 2007; Menghini et al.,
2010; Moura et al., 2015). However, all of these studies explored
group differences at the individual task level and not at the
composite level. To our knowledge this is the first study to
explore all three core executive functions (inhibition, updating,
and switching) within the same study in dyslexia with more
sensitive z-mean measures while controlling for individual
differences in processing speed.

Only one study thus far has controlled for the confounding
influence of processing speed on the performance profile of
executive functions associated with dyslexia (Peng et al., 2013).
Peng et al. (2013) found updating and inhibition impairments
in dyslexia, yet when they controlled for general processing
speed impairments, updating and inhibition impairments no
longer reached significance. The findings from this study

are inconsistent with Peng et al. (2013), suggesting that
inhibition and updating impairments remain in dyslexia even
while controlling for the confounding influence of processing
speed. For inhibition, impairments remained in dyslexia at the
composite level and individual task level (Picture Go No-Go,
SART task) while controlling for processing speed. However,
impairments on the Phoneme Go No-Go task in dyslexia were
no longer significant after accounting for individual differences
in processing speed. For updating, impairments remained at the
composite level and individual task level (Letter 2-back task)
while controlling for processing speed. However, impairments
on the Picture 2-back task were no longer significant after
controlling for processing speed. For switching, a significant
strength on the z-mean reaction time switch cost score was found,
however, this was no longer significant after controlling for speed.

The pattern of findings suggest that processing speed may
mediate some performance in the core executive functions of
inhibition and updating at the task level, and, switching at
the composite level. Consistent with previous work, this study
found a processing speed impairment in dyslexia (Willcutt
et al., 2005; McGrath et al., 2011). Despite accounting for some
variability in performance, inhibition and updating impairments
remain in dyslexia while controlling for processing speed. These
findings relate to the previous work conducted by Huizinga
et al. (2006), who found that inhibition and switching tasks
load onto a processing speed factor. This may explain why
switching strengths were no longer significant in dyslexia
after controlling for individual variation in processing speed.
However, we also found that processing speed can account for
impairments on some inhibition and updating tasks in dyslexia
also. These findings support previous work that processing speed
mediates some executive function performance (Span et al,
2004). Despite accounting for some performance in executive
function tasks in dyslexia, we found that processing speed does
not account for inhibition and updating impairments in dyslexia.
Suggesting inhibition and updating impairments in dyslexia are
not accounted for by individual variation in processing speed as
suggested by Peng et al. (2013).

However, issues flagged in prior work relating to measurement
of core executive functions make it difficult to relate our
specific findings to previous work (Miyake and Friedman, 2012;
Goschke, 2014; Snyder et al, 2015; Friedman and Miyake,
2016). By employing more sensitive z-mean executive function
composite scores to reduce non-executive noise and isolate
core executive processes (Snyder et al., 2015), this study found
for the first time that inhibition and updating impairments
are associated with dyslexia while controlling for processing
speed and that inhibition and updating abilities are predictive
of dyslexia likelihood and reading ability across the spectrum
of typical to atypical reading while controlling for processing
speed. We would argue that executive function, particularly
inhibition, may underlie the severity of reading impairments in
dyslexia.

By exploring the executive function profile associated with
dyslexia using Miyake and Friedman’s (2012) three factor model,
it is apparent that inhibition (common executive function) may
be the central executive function impairment associated with
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dyslexia. Inhibition was the most severe impairment associated
with dyslexia; and within predictive models of both dyslexia
likelihood and reading ability, it was the most significant and
heavily weighted predictor. This ‘common executive’ impairment
may lead to impaired updating and unimpaired switching
due to shared variance (Friedman et al, 2006, 2007, 2008;
Miyake and Friedman, 2012) and antagonistic relationships such
as performance trade-offs between inhibition and switching
(Goschke, 2000; Gruber and Goschke, 2004; Blackwell et al.,
2014). For instance, inhibition facilitates focus by shielding
information from irrelevant distractors in a top down manner
(provides stability), while switching requires interference from
distractors to consider alternative options and to flexibly adapt
to changing demands (mental flexibility; Gruber and Goschke,
2004). This may be the reason why the present study found
impaired inhibition and updating, and spared switching abilities
associated with dyslexia. Operationally defining and measuring
executive function within the 3-factor latent model (Miyake and
Friedman, 2012) allows us to see that executive functions may
operate in a strengths and impairments manner (Snyder et al.,
2015).

Overall results from this study suggest that dyslexia is
associated with inhibition and updating impairments, which
are predictive of disorder likelihood and variability in reading,
even when controlling for processing speed. These findings
suggest that inhibition impairments are implicated in dyslexia
and predict individual differences in reading ability.

This study is not without limitations. Although our measure
of processing speed loads highly on processing speed in factor
analytic studies (Keith et al., 2006; Watkins et al., 2006; Bodin
et al., 2009), some authors report that this task is correlated with
inhibition and predicts variance in working memory (Cepeda
etal,, 2013). Cepeda et al. (2013) caution against using processing
speed measures which are correlated with executive functions as
they may overestimate the role of processing speed in executive
processes. As such, a possible limitation of our study is that
by using the coding task as a measure of processing speed
we removed important executive associated variance from our
measures. Therefore, our study may underestimate the degree
to which executive function is impaired in dyslexia. Another
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et al., 2002; Gandolfi et al., 2014). Three groups took part in the study: 32 individuals
with Down Syndrome (DS) with a mean age of 14 years and 4 months, 35 typically
developing children 5 years of age (5TD), and 30 typically developing children 6 years
of age (6TD). No difference emerged among the groups in fluid intelligence. Based on
a confirmatory factor analysis, two different inhibition factors were identified (response
inhibition and interference suppression), and two composite scores were calculated.
An ANOVA was then executed with the composite inhibitory scores as dependent
variables and group membership as the between-subject variable to explore the group
differences in inhibition components. The 6TD group outperformed the 5TD group in
both response inhibition and interference suppression component scores. No differences
were found in both inhibition components between the DS group and 5TD. In contrast,
the 6TD group outperformed the DS group in both response inhibition and in the
interference suppression component’s scores. Summarizing, our findings show that both
response inhibition and interference suppression significantly increased during school
transition and that individuals with DS showed a delay in both response inhibition and
interference suppression components compared to typically developing 6-year-olds, but
their performance was similar to typically developing 5-year-olds.
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Traverso et al.

Inhibitions in Down Syndrome

INTRODUCTION

Down Syndrome (DS) is the most common genetic syndrome
associated with intellectual disability and affects ~1 in 700
newborns (Sherman et al., 2007; Mégarbané et al., 2009).
Individuals with DS seem to have higher psychopathological risk
than individuals with other intellectual disabilities (Gath and
Gumley, 1986; Collacott et al., 1992; Dykens, 2007; Tassé et al.,
2016). Therefore, acquiring more information on the weaknesses
and strengths of the neuropsychological profile of individuals
with DS is necessary for planning interventions.

Individuals with DS are usually characterized by moderate to
severe learning disabilities and relative language impairments,
with greater expressive difficulties than receptive ones (Fowler
et al,, 1994; Abbeduto et al., 2001; Laws and Bishop, 2004; Fidler
and Nadel, 2007; Neess et al., 2011). Research on other cognitive
abilities has focused mainly on memory resources, particularly
working memory (Jarrold et al., 2000; Lanfranchi et al., 2004,
2012; Baddeley and Jarrold, 2007). People with DS have poorer
working memory performance than controls, especially on tasks
that require verbal processing compared to tasks with visual and
spatial stimuli (Jarrold and Baddeley, 1997; Jarrold et al., 1999).
This difference seems to be independent of the acoustic deficits
typical of DS (Jarrold et al., 2000).

There is widespread agreement about impairments in
executive function (Costanzo et al., 2013; Lee et al., 2015), a set
of general-purpose control processes that regulate one’s thoughts
and behaviors (Miyake and Friedman, 2012). However, in the
literature examining the cognitive profile of individuals with
DS, there is a lack of information about inhibition, one of the
core components of executive function (Miyake et al., 2000;
Diamond, 2013). Inhibition has been considered to play a central
role in cognitive development. Klenberg et al. (2001) claim that
the development of basic inhibitory functions may precede the
development of more complex cognitive functions. Miyake and
Friedman (2012) speculate that inhibition may be a general
resource for other executive functions. Because inhibition plays
an important role in several cognitive activities, it is reasonable
that an investigation into this ability may contribute to explaining
cognitive impairments. Nevertheless, to date, only a few studies
have examined the diverse inhibition components in individuals
with DS, and the results are not consistent.

INHIBITION DEVELOPMENT

Inhibition processes generally refer to the ability to control one’s
mental processes and responses, to ignore an internal or external
prompt and to perform an alternative action (Diamond, 2013).
Studies that focus on inhibition have commonly described this
ability as a multi-componential construct that includes different
dimensions that are useful to perform different tasks (Dempster,
1993; Harnishfeger, 1995; Nigg, 2000; Diamond, 2013). For
example, Diamond (2013) argues that inhibition comprises the
ability to control irrelevant information at the level of thought
and memories (cognitive inhibition), the ability to manage
irrelevant data when acquiring information (inhibition at the
level of attention), and the ability to control an action at the

level of behavior (response inhibition). The concept of inhibition
has been widely used and studied (i.e., Dempster and Brainerd,
1995). However, the psychometric construct of inhibition has
been investigated only in recent decades (i.e., Friedman and
Miyake, 2004). Using a latent variable approach, Rey-Mermet
et al. (2017) demonstrated that a two-factor model in which two
components, the inhibition of prepotent responses (the ability
to suppress dominant responses) and the resistance to distracter
interference (the ability to ignore distracting information or to
suppress competing response tendencies), were distinguishable
best explained the data observed in young and older adults (see
also Stahl et al,, 2014). However, this evidence collected with
adults may not be applied to the early stages of development.
As argued by Friedman and Miyake (2004) and observed by
Bunge et al. (2002) in an fMRI study, children and adults may
be characterized by different inhibition processes. Although a
response inhibition component was not distinguishable in study
by Friedman and Miyake (2004), in Bunge et al. (2002) study,
different activation patterns for interference suppression and
response inhibition were observed in children.

Recently, Gandolfi et al. (2014) proposed an empirical
investigation of the latent organization of inhibitory processes
in early childhood. They suggested that a unitary model was
more useful for describing inhibitory processes in younger
children (24- to 32-month-old children), whereas a two-factor
model showed the best fit in children aged 36-48 months.
Specifically, in 3- to 4-year-old children, Gandolfi et al
(2014) distinguished a response inhibition component from
an interference suppression component (see also Bunge et al.,
2002; Martin-Rhee and Bialystok, 2008; Cragg, 2016, in which
interference at the level of response and interference at the
level of the stimulus were considered, corresponding to what we
define as the response inhibition and interference suppression
components, respectively). The first component, 