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There are several theories of executive function(s) that tend to share some theoretical
overlap yet are also conceptually distinct, each bolstered by empirical data (Norman
and Shallice, 1986; Shallice & Burgess, 1991; Stuss and Alexander, 2007; Burgess,
Gilbert, & Dumentheil, 2007; Burgess & Shallice, 1996; Miyake et al., 2000). The notion
that executive processes are supervisory, and most in demand in novel situations was
an early conceptualization of executive function that has been adapted and refined
over time (Norman & Shallice, 1986; Shallice, 2001; Burgess, Gilbert & Dumentheil,
2007). Presently there is general consensus that executive functions are multi-
componential (Shallice, 2001), and are supervisory only in the sense that attention
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in one form or another is key to the co-ordination of other hierarchically organized
‘lower’ cognitive processes. Attention in this sense is defined as (i) independent but
interrelated attentional control processes (Stuss & Alexander, 2007); (ii) automatic
orientation towards stimuli in the environment or internally—driven thought (Burgess,
Gilbert & Dumontheil, 2007); (iii) the automatically generated interface between
tacit processes and strategic conscious thought (Barker, Andrade, Romanowski,
Morton and Wasti, 2006; Morton and Barker, 2010); and (iv) distinct but interrelated
executive processes that maintain, update and switch across different sources of
information (Miyake et al., 2000).

One problem is that executive dysfunction or dysexecutive syndrome (Baddeley &
Wilson, 1988) after brain injury typically produces a constellation of deficits across
social, cognate, emotional and motivational domains that rarely map neatly onto
theoretical frameworks (Barker, Andrade & Romanowski, 2004). As a consequence
there is debate that conceptual theories of executive function do not always
correspond well to the clinical picture (Manchester, Priestley & Jackson, 2004).
Several studies have reported cases of individuals with frontal lobe pathology and
impaired daily functioning despite having little detectable impairment on traditional
tests of executive function (Shallice & Burgess, 1991; Eslinger & Damasio, 1985; Barker,
Andrade & Romanowski, 2004; Andrés & Van der Linden, 2002; Chevignard et al,,
2000; Cripe, 1998; Fortin, Godbout & Braun, 2003). There is also some suggestion
that weak ecological validity limits predictive and clinical utility of many traditional
measures of executive function (Burgess et al, 2006; Lamberts, Evans & Spikman, 2010;
Barker, Morton, Morrison, McGuire, 2011). Complete elimination of environmental
confounds runs the risk of generating results that cannot be generalized beyond
constrained circumstances of the test environment (Barker, Andrade & Romanowski,
2004). Several researchers have concluded that a new approach is needed that is
mindful of the needs of the clinician yet also informed by the academic debate and
progress within the discipline (McFarquhar & Barker, 2012; Burgess et al., 2006).
Finally, translational issues also confound executive function research across different
disciplines (psychiatry, cognitive science, and developmental psychology) and across
typically developing and clinical populations (including Autism Spectrum Disorders,
Head Injury and Schizophrenia — Blakemore & Choudhury, 2006; Taylor, Barker,
Heavey & McHale, 2013). Consequently, there is a need for unification of executive
function approaches across disciplines and populations and narrowing of the
conceptual gap between theoretical positions, clinical symptoms and measurement.

Citation: Barker, L. A, Morton, N., eds (2018). Executive Function(s): Conductor,
Orchestra or Symphony? Towards a Trans-Disciplinary Unification of Theory and
Practice Across Development, in Normal and Atypical Groups. Lausanne: Frontiers
Media. doi: 10.3389/978-2-88945-555-3
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Editorial on the Research Topic

Executive Function(s): Conductor, Orchestra or Symphony? Towards a Trans-Disciplinary
Unification of Theory and Practice Across Development, in Normal and Atypical Groups

One problem with well-established executive function theories is that developmental disorders,
brain injury, neuropathology, psychiatric conditions, and cognitive decline typically produce
cross-cutting problems in social, cognitive, and emotional domains that seldom correspond
to executive function models. Consequently, there is an argument that conceptual theories of
executive function do not accord with clinical presentation (Manchester et al., 2004), and that
executive function tests have limited predictive clinical utility (Barker et al., 2004; Burgess et al.,
2006). Currently, there is need for unification of executive function approaches across disciplines,
populations, and life span, further, it is also necessary for narrowing the conceptual gap between
theoretical positions, clinical symptoms, and measurement.

This research topic includes findings on the development of executive functions in childhood,
adolescence, and early adulthood. Taylor et al. found that the executive functions developed
non-linearly in late adolescence and early adulthood, with peaks and troughs in executive ability
corresponding to morphological brain change at these age ranges. These findings have ramifications
for understanding the normal and abnormal development of executive functions. The reviewed
evidence also indicates that working memory, attention, and inhibitory control develop alongside
time keeping skills and may depend upon shared but distinct neural substrates (Vicario).
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One possibility is that cognitively controlled timing skills
make some unique but distinct contribution to the development
of working memory and executive functions. Hsu et al. reviewed
studies on the development and malleability of Executive
Control (EC), which is defined as capacity to regulate cognitive
processes for successful goal attainment. They concluded
that targeted EC training interventions would likely benefit
children from low socio-economic status backgrounds and
those with attention-deficit disorders, although early findings
are insufficient to warrant firm conclusions. The use of
new neuroimaging techniques and better understanding of
mechanisms underpinning EC training could further inform
developmental interventions for targeted populations.

This special edition includes evidence that performance on
supposed executive function and memory measures may depend
upon some shared process defined as fluid intelligence. Royall
and Palmer used a latent variable structural equation modeling
approach to distinguish domain-specific variance in executive
function and memory measures and shared cognitive variance
defined by Spearman’s g (where g represents general intelligence).
When variance was accounted for across several memory
and executive function measures, executive function ability
overlapped with intelligence scores in a healthy elderly cohort.
These findings have implications for classification and specificity
of executive functions, measurement, and assessment and
purported neural substrates. Similarly, impaired performance
on a battery of executive function tests by schizophrenic
patients was mostly explained by deficits in fluid intelligence
Roca et al. Importantly, when fluid intelligence was partialled
out multitasking and decision-making performance deficits
remained indicating selective executive in addition to general
cognitive deficits.

Executive attentional control and working memory
functions have been investigated in a range of psychiatric
and neuropathological conditions. Drabble et al. investigated the
potential role of attentional control to self-harm in people with
borderline personality disorder (BPD). However, the findings
were surprising, high attentional focusing predicted self-harm
history in those with high BPD features. In contrast, good
attentional switching ability reduced the likelihood of self-harm.
The notion of a potential moderating effect of attentional control
on negative affect and self-harm in BPD individuals constitutes
a new conceptualization of the condition. The review of extant
evidence indicated that basal forebrain cholinergic system is
a potential neural basis of executive attention (Villano et al.).
Collectively, data supported the notion that neuropeptide
regulatory orexin neurons stimulate cholinergic frontal pathways
and may provide the mechanism of executive attention, but a
further detailed work is needed.

Working memory capacity was also investigated in BPD
individuals using an event related potentials (ERP) paradigm.
Liu et al. found that BPD patients had lower P3 amplitudes
and longer N2 latencies than controls that were independent
of working memory load likely indicating working memory
dysfunction. Working memory abnormalities were also found
in mild cognitive impaired (MCI) patients based on distant
synchronization of the background network at rest and during

working memory task performance (Wang et al.). There was no
significant difference between rest and working memory state in
MCI patients when compared to controls indicating inefficient
organization of the background network associated with
cognitive impairment in patients. The neural locus of working
memory networks was also explored in bilateral dorsolateral
prefrontal cortices using a resting state functional connectivity
approach mapped to working memory task accuracy in healthy
controls (Fang et al.). The findings revealed the functional
connectivity between dorsolateral prefrontal cortex and anterior
cingulate cortex, and right dorsolateral prefrontal cortex and
fronto-insular cortex using spectral dynamic causal modeling.
The connectivity of these regions governed working memory
ability and differences in resting-state effective connectivity
might explain individual differences in working memory ability.

It has been revealed that speaking more than one language
protects the executive functions in ageing. It is assumed
that inhibition of one language whilst engaged in the other
language confers an interference suppression advantage in
bilingual individuals. However, available evidence also indicates
that any executive control advantage is offset by poorer
ability on language-specific tasks in bilinguals when compared
to monolinguals. Kousaie et al. investigated the purported
bilingual advantage on inhibitory control tasks in monolingual
Anglophones and Francophones, and French/English bilingual
young and older adults. Their findings did not show the
expected bilingual advantage for executive task performance
(except for a slight bilingual advantage on one measure), or
a bilingual disadvantage on language tasks when compared
to monolinguals. One possible explanation of findings is the
mediating effect of context and frequency of exposure to
both languages on executive and language skills in bilinguals,
indicating that purported cognitive advantage/and disadvantage
warrants further investigation, particularly in relation to
resilience associated with ageing.

There is an extensive literature on the role of executive
function deficits to socio-cognitive behavioral problems, yet
there is no overarching theoretical framework that delineates
how executive deficits impact social functioning. Wood and
Worthington reviewed the literature on the purported link
between executive function and socio-emotional functions
in healthy ageing and post-traumatic brain injury (TBI)
populations. They concluded that intact executive ability is
crucial for appraisal and evaluation of social stimuli, and that
the distinction between cognitive and socioemotional sequelae
of TBI is no longer tenable based on current evidence. Torske
et al. investigated whether social function problems were
associated with specific executive impairments in children and
adolescents with a diagnosis of Autism Spectrum Disorder (ASD)
using parent-rated measures. Metacognitive executive functions
contributed to social ability in young people with ASD and
impaired social functioning potentially reflected poor behavioral
regulation.

Jasinska argued that it is time to reconsider whether inhibitory
executive processes are conceptually different from response
selection and execution. The evidence from neuroscience
accounts of inhibitory control mechanisms indicate that response
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inhibition could be simultaneously classified as a control process
and a prepotent response tendency. This conceptualization
provides a potential new approach to treating disorders of
inhibitory control. Inhibitory control was also poor in those
with chronic neuropathic or radicular pain when compared to
controls that may have been caused by the chronic experience
of pain or secondary tendency to have higher anxiety and
depression levels than controls (Moriarty et al.). Problem solving
executive ability was not affected by chronic pain in this cohort
indicating selective effects of pain on cognition.

The measurement of executive functions remains problematic
because (i), current standardized tests are not process pure:
supervisory, attentional, and control executive functions
invariably operate across other lower-level functions and (ii),
there are abiding issues of sensitivity and ecological validity
with current standardized tests. To address these issues, a
computerized cooking task was developed to evaluate whether
an analogue of real world behavior requiring multiple executive
functions reliably indexed ability in a control group when
compared to standard neuropsychological measures (Doherty
et al.). Task parameters distinguished executive ability from
overall IQ, unlike several currently widely used measures, and
difficult task levels tapped different executive and memory
functions when compared to easier levels. Test analogues of
real-world tasks are potential candidates for next generation
executive function measures. Tanguay et al. investigated
executive function ability using a Breakfast Task, an Activities of
Daily Living scale, and real cooking activity with acquired brain
injury patients and matched controls. Patients had significant
problems with all aspects of the Breakfast Task when compared
to controls, although real cooking activity did not correlate
with task performance indicating that purported ‘real world
tasks may not isolate and capture the same functions used in
everyday behavior. McGuire commented on the importance
of developing ecologically valid tests of executive function
for clinical assessment but also emphasized the multi-sensory
context of real world behavior, which at present cannot be
captured in immersive or computerized tasks but remains a
possibility for the future. Cipresso et al. measured executive
function ability in Parkinson’s disease patients with and without
cognitive impairments and controls on a virtual version of the
Multiple Errands test (VMET) and standardized executive tests.
Patients made more errors on the VMET than controls and the
task was more sensitive to detection of early executive deficits
than standardized executive measures. Sensitivity and reliability
were also problematic on another widely used SELF and OTHER
rating scale of executive ability. McGuire et al. compared Self,
Other, and clinician ratings on the dysexecutive questionnaire to
investigate factor structure and inter-rater reliability of patients’
ratings of deficits when compared to others ratings of their
problems. There was poor agreement between clinician and
other ratings on the measure indicating that accurate reporting
of patients’ post-injury deficits was essential to maintain the
reliability and usefulness of the scale. Other raters should be
selected with caution when asked to rate patient’s problems on
the dysexecutive questionnaire. Overall findings presented in
this research topic were promising for new ecologically valid

measures of executive function but were less encouraging for
current measures of executive function and their clinical utility.

Finally, new approaches to enhance executive function
ability are emerging associated with exercise and athleticism.
The neural efficiency theory hypotheses that brain activity is
attenuated in experts when compared to non-experts due to
processing efficiency. When athletes and non-athletes were
compared on a visuospatial executive task, athletes had faster
reaction time responses but were not more accurate than
non-athletes (Guo et al.). FMRI data showed that athletes
had reduced activation to multiple frontal, temporal, and
cerebellar regions during task performance when compared to
non-athletes indicating task-specific neural reorganization in
experts. Young healthy males were assigned to either high-,
moderate-intensity or a no-exercise group and cortisol levels,
EEG activity and executive function performance were measured
(Liang Tsai et al.). Changes were seen in cortisol and P3
amplitude levels after resistance exercise along with enhanced
executive function performance. The neural bases of these
changes need further investigations, but effects may be associated
with physiological arousal levels. Active participants also had
better verbal working memory capacity, dual-task performance,
and inhibitory ability when compared to a sedentary group
(Padilla et al.). The authors concluded that chronic aerobic
exercise can benefit cognitive and physical health across the
lifespan.

In other work, Tsai et al. investigated the effects of
resistance exercise on executive function performance in healthy
elderly males and controls, and measured insulin, growth
hormone and homocysteine levels at baseline and 1-year
intervention period. Performance improvements in the exercise
group were associated with an increase in growth factor
levels, improved P3 amplitudes (indicating better attention),
and decreased serum homocysteine. Aside from the physical
benefits, regular consistent exercise contributed to improved
executive function and general cognitive health in a well elderly
cohort.

Collectively, the papers comprising this special topic
reveal that executive function research is theoretically and
methodologically diverse cross-cutting atypical, typical, and
ageing populations. The neural bases of executive functions
and working memory are receiving renewed interest using
innovative and advanced imaging and modeling approaches.
Importantly, new generation executive tests are emerging, that
whilst in the early stages offer promise for speedy, sensitive
process-specific clinical assessment. Finally, the relationship
between cognitive and physical health reveals that healthy
ageing need not be a process of gradual decline and executive
functions, like cognition; generally, can be improved by
enhanced physical health. Together these findings will hopefully
stimulate new theoretical approaches and advances in the

field.
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The longitudinal development of
social and executive functions in late
adolescence and early adulthood

Sophie J. Taylor*, Lynne A. Barker, Lisa Heavey and Sue McHale

Department of Psychology, Sociology and Politics, Sheffield Hallam University, Sheffield, UK

Our earlier work suggests that, executive functions and social cognition show protracted
development into late adolescence and early adulthood (Taylor et al., 2013). However, it
remains unknown whether these functions develop linearly or non-linearly corresponding
to dynamic changes to white matter density at these age ranges. Executive functions are
particularly in demand during the transition to independence and autonomy associated
with this age range (Ahmed and Miller, 2011). Previous research examining executive
function (Romine and Reynolds, 2005) and social cognition (Dumontheil et al., 2010a)
in late adolescence has utilized a cross sectional design. The current study employed a
longitudinal design with 58 participants aged 17, 18, and 19 years completing social
cognition and executive function tasks, Wechsler Abbreviated Scale of Intelligence
(Wechsler, 1999), Positive and Negative Affect Schedule (Watson et al., 1988), and
Hospital Anxiety and Depression Scale (Zigmond and Snaith, 1983) at Time 1 with
follow up testing 12-16 months later. Inhibition, rule detection, strategy generation and
planning executive functions and emotion recognition with dynamic stimuli showed
longitudinal development between time points. Self-report empathy and emotion
recognition functions using visual static and auditory stimuli were stable by age 17
whereas concept formation declined between time points. The protracted development
of some functions may reflect continued brain maturation into late adolescence and early
adulthood including synaptic pruning (Sowell et al., 2001) and changes to functional
connectivity (Stevens et al., 2007) and/or environmental change. Clinical implications,
such as assessing the effectiveness of rehabilitation following Head Injury, are discussed.

Keywords: adolescence, longitudinal, developmental trajectory, social cognition, executive function

Introduction

Adolescence is a critical period of development with dynamic brain maturation characterized
by psychological, behavioral and social change (Steinberg and Morris, 2001) indicative of the
transition to autonomy and independence. Executive functions and socio-emotional development
are key to adaptive functioning in this stage of development (Ahmed and Miller, 2011). Executive
functions initiate, co-ordinate, maintain, and inhibit other cognitive functions (Miyake et al.,
2000) and are recruited in novel or demanding situations to perform goal-directed behavior
when routine behavior is inadequate. Social cognition incorporates a range of functions including
emotion recognition, empathy, perspective taking, and Theory of Mind (ToM), the ability to
impute a range of mental states including beliefs, desires, and intentions to self and others
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(Frith, 2007; Carrington and Bailey, 2009). During adolescence
some cognitive functions show protracted development
including updating and switching (Magar et al, 2010),
verbal fluency and planning (Romine and Reynolds, 2005),
emotion recognition (Thomas et al., 2007), perspective taking
(Choudhury et al., 2006; Dumontheil et al., 2010a), and empathy
(Mestre et al., 2009). However, these data predominantly focus
on younger age ranges with less known about late adolescent
and early adulthood development. Furthermore, these studies
indicate linear development of cognitive functions whereas there
is also contrasting evidence of non-linear development (Taylor
et al., 2013).

Findings from imaging studies indicate that brain maturation
is dynamic across development including both progressive
(myelination) and regressive (synaptic pruning) processes
(Sowell et al., 2001) with protracted development of frontal
networks into late adolescence and early adulthood (Schmithorst
and Yuan, 2010). The continued development of frontal networks
is particularly pertinent because they are thought to play an
important role in executive functions (Barker et al., 2010) and
some aspects of social cognition (Carrington and Bailey, 2009)
that are crucial to adaptive goal-oriented behavior. Diffusion
Tensor Imaging (DTI) data show protracted maturation of
frontal networks (Schmithorst and Yuan, 2010) are associated
with the executive function of strategy generation (Delis et al.,
2001) between 16.2 and 20.6 years of age at Time 1 with follow-
up testing 16 months later (Bava et al., 2010). These findings
indicate that white matter maturation in late adolescence and
early adulthood leads to an improvement of executive functions
and provide the neural basis of developmental change in certain
aspects of cognition.

Executive Functions

Late adolescence is characterized by linear and non-linear
brain maturation that may correspond behaviorally to functions
showing linear or non-linear development, for example troughs
and peaks in development (Fischer and Kennedy, 1997).
Behavioral studies provide evidence of linear and non-linear
executive function development in late adolescence. In a meta-
analysis of cross-sectional executive function studies, Romine
and Reynolds (2005) reported that executive functions show
divergent developmental trajectories with planning and verbal
fluency continuing to develop linearly between late adolescence
and early adulthood. Magar et al. (2010) provided further
support for linear executive function development with updating,
assessed with the n-back task (Cohen et al., 1997) and switching,
assessed with the number-letter switching task (Rogers and
Monsell, 1995), improving between ages 11 and 17.

There is also some evidence of non-linear development
with poorer performance on executive function tasks in late
adolescence compared to early/middle adolescence, possibly due
to neural re-organization (Uhlhaas et al., 2009; Taylor et al,
2013). The use of broad age ranges in previous studies may
decrease sensitivity (De Luca et al, 2003) and mask non-
linear development due to the short time-frame when frontal
pathways undergo steep maturational change around ages 17—
25 (Barker et al.,, 2010). To address this issue and measure

executive function ability across later development, we (Taylor
et al, 2013) employed a design with fine-grained age groups
(17 years 0 months—17 years 8 months, 18 years 0 months-18
years 8 months, and 19 years 0 months-19 years 8 months) and
found non-linear executive function development for strategy
generation and concept formation, assessed with D-KEFS Letter
Fluency and Sorting Tests (Delis et al., 2001). Seventeen year olds
scored significantly higher, indicating better performance, than
18 year olds on strategy generation and four indices of concept
formation (number of correct free sorts, free sort description
score, sort recognition description score, and description score
for perceptual sorts). Seventeen year olds also scored significantly
higher, indicating more accurate concept formation than 19
year olds. These findings indicate non-linear executive function
development likely reflecting dynamic brain maturation (Lebel
et al, 2008; Uhlhaas et al., 2009). Similarly, Dumontheil
et al. (2010b) reported non-linear development on a relational
reasoning task requiring inhibition and cognitive flexibility
(Diamond, 2013) with a dip in accuracy in middle adolescence.
Overall these findings indicate that executive functions show
linear and non-linear development during adolescence and early
adulthood corresponding to linear and non-linear morphological
brain changes. Previous studies are limited by cross sectional
design so there is a need for longitudinal data to better inform
knowledge of cognitive development in late adolescence and early
adulthood.

Social Cognition

Imaging studies have consistently implicated a mentalizing
network comprised of the medial prefrontal networks, superior
temporal sulci, and temporal poles in social cognition task
performance (Carrington and Bailey, 2009). Behavioral
studies report ongoing social cognition development between
adolescence and early adulthood. Vetter et al. (2013) found
adolescents aged 12-15 years scored significantly lower than
young adults aged 18-22 years on the Story Comprehension
Test (Channon and Crawford, 2000), a measure of ToM, and
the German version of the Reading the Mind in the Eyes Test
(Bolte, 2005), a measure of visual emotion recognition. The
development of social cognition was independent of more basic
cognitive abilities such as working memory, speed of processing,
and verbal ability (Vetter et al.,, 2013) providing evidence for
social cognition being domain specific (Apperly et al., 2005).
However, a limitation of the Eyes Test is the use of static stimuli
(Baron-Cohen et al., 2001) because they do not fully capture
the dynamic and transitory nature of mental states in real life
social situations (Vetter et al,, 2013). In a longitudinal study,
Davis and Franzoi (1991) assessed participants aged 15 and 16
years at l-year intervals over three consecutive years on the
Interpersonal Reactivity Index (IRI; Davis, 1983), a self-report
measure of empathy. Perspective Taking, the tendency to
consider another person’s point of view, and Empathic Concern,
the tendency to experience compassion and sympathy toward
others, significantly increased, whereas ratings of Personal
Distress, the tendency to experience uneasiness in tense social
situations, significantly decreased between time points. In
contrast, Taylor et al.’s (2013) study showed no group differences
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in 17, 18, and 19 year olds on social cognition tasks. Previous
studies have assessed a narrow range of social cognition so a
comprehensive assessment was included in the present study
including emotion recognition in visual static stimuli (Reading
the Mind in the Eyes Test; Baron-Cohen et al., 2001), auditory
stimuli (Reading the Mind in the Voices Test; Golan et al.,
2007), dynamic visual and auditory stimuli (Movie for the
Assessment of Social Cognition; MASC; Dziobek et al., 2006),
and self-report empathy (IRI; Davis, 1983). It is possible that as
social cognitive functions are associated with multiple networks
(Wolf et al., 2010) that mature earlier than frontal networks,
social cognitive functions may be more resistant to change across
later development compared to executive functions. Overall,
these results highlight the multidimensional nature of social
cognition, with different aspects of social cognition showing
different developmental trajectories in late adolescence.

To summarize, there is evidence of linear (Romine and
Reynolds, 2005; Magar et al., 2010; Vetter et al., 2013) and non-
linear development (Dumontheil et al., 2010b; Taylor et al., 2013)
of executive functions and social cognition during adolescence.
The majority of previous studies examining executive function
(Kalkut et al., 2009; Magar et al.,, 2010) and social cognition
(Tonks et al., 2007; Dumontheil et al.,, 2010a,b; Vetter et al.,
2013) in late adolescence and early adulthood have utilized
a cross sectional design. This type of design is easier and
less time consuming to conduct compared to longitudinal
designs (Moriguchi and Hiraki, 2011), although no data on
developmental change is collected (Kraemer et al., 2000). The
aim of the present study was to investigate the developmental
trajectory of executive and social cognitive functions using a
longitudinal design with 17 (Younger age group), 18 (Middle
age group), and 19 year olds (Older age group) at Time 1 and
follow up testing 12-16 months later. Previous research has
recommended a longitudinal design to identify whether abilities
improve or decline (are linear or non-linear) over time (Romine
and Reynolds, 2005; Kalkut et al., 2009). We predicted that
executive functions of strategy generation, planning, inhibition,
and rule detection would improve and concept formation would
decline, based on previous findings, whereas social cognition
would be relatively stable between time points.

Method

All participants gave written informed consent and parental
consent was gained for 17 year olds. This research received
approval from the Sheffield Hallam University Ethics Committee.
A time frame of 12-16 months between testing sessions enabled
the identification of any subtle linear and non-linear changes. A
minimum 12-month interval between testing sessions conforms
to neuropsychological assessment procedure for repeat testing
(Lezak et al, 2004) and minimizes memory contributing to
practice effects (Hausknecht et al., 2007). Head Injury and
Autism Spectrum Disorders were exclusion criteria because
of their influence on executive function and social cognition
(Dziobek et al., 2006; Robinson et al., 2009; Muller et al., 2010).
Participants were recruited from local schools, colleges, youth
organizations, and university.

Participants

Fifty eight participants took part at both time points. Ages of
participants in Younger, Middle, and Older groups are presented
in Table 1.

Participants were asked to report their current Education
and changes to living arrangements and friendship groups in
the previous 12 months. Seventeen year olds were studying for
AS Levels (47%), A2 Levels (47%), and BTEC (Business and
Technology Education Council; 6%). Eighteen year olds were
studying for A2 Levels (11%), BTEC (11%), and degree (78%) and
all 19 year olds were university students.

Changes to living arrangements were highest for 18 and 19
year olds, (72 and 74% respectively) compared to 17 year olds
(16%). A higher percentage of 19 year olds (67%) reported
making new friends relative to 17 and 18 year olds, (37 and 33%
respectively). These data indicate that 18 and 19 year olds had
undergone greater change in their living and social environment
compared to 17 year olds.

Procedure

Participants first completed the Positive and Negative Affect
Schedule (Watson et al., 1988) to assess mood state and the
Hospital Anxiety and Depression Scale (Zigmond and Snaith,
1983) self-report measures to assess anxiety and depression.
Participants then completed the Wechsler Abbreviated Scale of
Intelligence (Wechsler, 1999) followed by executive function and
social cognition tasks which were counterbalanced across testing
sessions lasting approximately 3 h. Rest breaks were participant
determined. Alternate versions of the D-KEFS Letter Fluency and
Sorting Tests were used to ameliorate any testing effects.

Executive Function Measures

The executive function battery comprised the D-KEFS (Delis
et al.,, 2001) Letter Fluency Test measure of strategy generation,
the Sorting Test measure of concept formation, and Tower Test
measure of planning. The Hayling and Brixton Tests (Burgess
and Shallice, 1997) provided measures of inhibition and rule
detection. The D-KEFS Letter Fluency and Tower Tests were
selected because Romine and Reynolds (2005) reported that
strategy generation and planning continue to develop between 17
and 22 years. Romine and Reynolds (2005) suggested that future
research investigating the development of executive functions
should use alternative measures. The D-KEFS Sorting Test was
selected as an alternative to the Wisconsin Card Sorting Test
(WCST; Heaton et al., 1993) to assess concept formation because

TABLE 1 | Means and standard deviations of age for Younger, Middle, and
Older groups at Time 1 and Time 2.

Younger group Middle group Older group
(n=19) 15 (n=18) 15 (n=21)17
females females females

Time 1 M =17 years 4 months M = 18 years 4 months M = 19 years 2 months
SD = 2.7 months SD = 2.1 months SD = 2.0 months

Time 2 M = 18 years 7 months M = 19 years 8 months M = 20 years 3 months
SD = 4.52 months SD = 6.15 months SD = 2.45 months
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there are 16 sorting rules in the D-KEFS version, compared to
only 3 in the WCST, increasing task sensitivity and minimizing
ceiling effects (Delis et al., 2001). The Hayling Test was selected to
assess inhibition because lack of inhibition has been attributed to
increased risk taking in this age range (Luna and Sweeney, 2004).
The Brixton Test was included to assess rule detection in a spatial
format to further explore how this function develops during late
adolescence and early adulthood.

Social Cognition Measures

Previous studies often focus on one area of social cognition
(Vetter et al., 2013) such as empathy (Davis and Franzoi, 1991)
or perspective taking (Choudhury et al, 2006; Dumontheil
et al, 2010a). The present study assessed various aspects
of social cognition using different formats e.g., visual static
(Reading the Mind in the Eyes Test; Baron-Cohen et al,
2001), auditory (Reading the Mind in the Voices Test; Golan
et al, 2007), dynamic (MASC; Dziobek et al, 2006), and
self-report empathy (IRL; Davis, 1983). Tager-Flusberg (2001)
conceptualized social cognition as consisting of social-perceptual
and social-cognitive processes. The selected tasks support this
conceptual framework with the Reading the Mind in the Eyes
Test and Reading the Mind in the Voices Test providing
measures of social-perceptual processes, whereas the MASC
assessed both social-perceptual and social-cognitive processes.
The selected tasks support the conceptualization of social
cognition as involving processes for understanding others (Eyes
Test, Voices Test, and MASC) and understanding the self by

including a self-report empathy measure (Beer and Ochsner,
2006).

Table 2 summarizes the executive function and social
cognition tasks included in the study.

Data Analyses

Data were assessed for normal parametric assumptions. Mixed
ANOVAs were conducted on IQ, mood, executive function,
and social cognition task scores with a between group factor
of age group at Time 1 and a within subjects factor of Time
1 and Time 2. Younger, Middle and Older groups refers
to participants who were originally in 17, 18, and 19 year
old groups at Time 1. Raw scores were analyzed, with the
exception of Hayling and Brixton Tests, for ease of comparison
across tests because some measures do not have standardized
score equivalents. Scaled scores were analyzed for Hayling and
Brixton Tests because these are reported extensively in the
literature.

Results

Participant 1Q and Mood Data

Descriptive statistics for Verbal, Performance and Full Scale IQ,
and mood data are presented in Table 3 followed by mixed
ANOVAs with age group (Younger, Middle, and Older) as the
between group factor and Time 1 and Time 2 as the within group
factor.

TABLE 2 | Summary of executive function and social cognition tasks.

Task and function measured Function measured

Task description

Hayling and Brixton Tests (Burgess and
Shallice, 1997)

Hayling Test (inhibition)

Brixton Test (rule detection)

Sentence completion task requiring correct completion
(section 1) and inhibition to give an unconnected work
(section 2).

Predict where a colored circle will move to on the next page.

Delis Kaplan Executive Function System
(Delis et al., 2001) Letter Fluency

Sorting Test

Strategy generation

Concept formation

Tower Test Planning

Generation of words starting with letters F, A, and S (Time 1)
and R, B, and H (Time 2) in 1 min.

Free sort and sort recognition of cards based on semantic
and visuo-spatial features.

Construct towers from disks whilst only moving one disk at a
time and never placing a large disk on a smaller disk.

Reading the Mind in the Eyes Test
(Baron-Cohen et al., 2001)

Emotion recognition with visual static stimuli

View photographs of people’s eye regions and select one of
four complex mental states that best describes how the
person is thinking or feeling.

Reading the Mind in the Voices Test (Golan
et al., 2007)

Emotion recognition with auditory stimuli

Listen to sound clips and select one of four complex mental
states that best describes how the person is thinking or
feeling.

Movie for the Assessment of Social

Cognition (Dziobek et al., 2006) stimuli with social interaction

Social cognition in dynamic visual and auditory

View film clips and select one of four answers. Task requires
consideration of facial expressions, body language, verbal
content and intonation.

Interpersonal Reactivity Index (Davis,
1983)
and fantasy scales

Self-report empathy including empathic
concern, personal distress, perspective taking,

Rate how well statements describe themselves.
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TABLE 3 | Means and standard deviations for WASI Verbal 1Q, Performance 1Q, and Full Scale 1Q in Younger, Middle, and Older groups at Time 1 and

Time 2.
Younger group T1 Younger group T2 Middle group T1 Middle group T2 Older group T1 Older group T2

Positive affect 30.28 (4.99) 30.89 (7.59) 30.93 (8.00) ~ 30.67 (6.72) 33.47 (4.22) ~ 33.26 (4.92)
Negative affect 16.00 (6.16) A 14.61 (4.83) 14.07 (3.04) A 12.60 (2.92) 11.74 (2.49) A 13.00 (3.16)
Anxiety 8.83 (2.94) A 8.61 (3.55) 7.80 (3.47) A 6.13 (3.46) 6.74 (2.45) 7.00 (2.54)
Depression 3.06 (1.77) ~ 3.89 (2.78) 2.07 (1.62) ~ 2.33(2.69) 3.11 (2.56) ~ 2.37 (2.34)
Verbal IQ 105.00 (7.74) 1 109.32 (10.69) 103.56(11.16) 1 109.17 (8.35) 107.90 (6.91) ~ 105.14 (9.19)
Performance 1Q 103.16 (12.24) 1 111.89 (11.08) 99.89(8.70) 1 106.00 (9.66) 105.57 (7.06) 1 114.76 (8.50)
Full Scale IQ 104.63 (8.37) 1 111.89 (10.83) 102.00(10.31) 1 108.72 (7.93) 107.76 (5.54) 1 110.95 (6.70)

Key: 1 represents significantly better performance at Time 2 relative to Time 1 and = represents no significant change in task scores between Time 1 and Time 2.

IQ

Participants varied between Time 1 and Time 2 by —18 to 420 on
Verbal IQ, —8 to +25 on Performance IQ and —8 to +18 on Full
IQ supporting other reports of variation in IQ during adolescence
(Ramsden et al., 2011). All group means fell within the Average
range indicating no shift in Verbal IQ category across groups.
There was a significant main effect of time [F; 55 = 5.95,
p = 0.018] for Verbal IQ score with the Younger [t;5) = 2.69,
p = 0.015] and Middle [t;7) = 2.74, p = 0.014] groups scoring
significantly higher on Verbal IQ at Time 2 compared to Time 1.
There was no change for the Older group suggesting that Verbal
IQ levels may have stabilized by age 19.

For Performance IQ score there was a significant main effect
of time [F(;, 55y = 100.25, p < 0.001] with Younger [t(;5) = 5.80,
p < 0.001], Middle [t;7) = 3.71, p = 0.002], and Older groups
[to) = 9.09, p < 0.001] scoring significantly higher at Time 2
compared to Time 1 on Performance IQ. The mean Performance
IQ scores for the Younger and Older groups shifted from Average
IQ category at Time 1 to High Average at Time 2.

For Full Scale IQ score there was a significant effect of time
[Fgq,55 = 61.75, p < 0.001] with Younger [t;5 = 5.97,
p < 0.001], Middle [t;77 = 4.34, p < 0.001] and Older
groups [tz0) = 3.09, p = 0.006] attaining a significantly higher
1Q score at Time 2 relative to Time 1. The mean Full Scale
IQ score for the Younger group changed from an Average IQ
category at Time 1 to High Average at Time 2. A regression was
conducted with Performance IQ change score (Time 2-Time 1
score) as a predictor variable and Full Scale IQ change score as
the dependent variable to examine how much of the increase
in Full Scale IQ was accounted for by improved Performance
IQ. This resulted in a significant model [F(; s6) = 24.35,p <
0.001] that accounted for 29% of variance (Adjusted R?
0.29) in Full Scale IQ change scores (S 0.55, t 4.94,
p < 0.001). Overall IQ findings indicate linear developmental
change in Verbal IQ in Younger and Middle groups and linear
Performance IQ increase across all age groups indicating that
this measure of IQ remains dynamic up to age 20 years and may
reflect improved motor skills due to more efficient white matter
pathways.

Mood
There was no significant main effect of time for Positive Affect
scores [F(y, 55 0.07, p = 0.788] or Negative Affect scores

(Fu, 55 = 1.40, p = 0.241] of the PANAS (Watson et al,
1988) indicating that mood state was relatively stable across time
points for all age ranges. There was no significant main effect
of time on Anxiety scores [F(j 49) = 1.53, p 0.222] or
Depression scores [F(j, 49) = 0.11, p = 0.737] from the HADS
(Zigmond and Snaith, 1983) for all age ranges indicating that
changes in mood did not account for change to other cognitive
variables.

Executive Function Measures
Descriptive statistics for executive function task scores are
presented in Tables 4 and 5.

Response Inhibition and Rule Detection (Hayling
and Brixton Tests)

ANOVA results showed a significant main effect of time on the
Hayling Test scores [F(; 55 = 20.65, p < 0.001]. Results of
paired samples t-tests showed the Middle [t(;7) 322, p =
0.005] and Older groups [t0 = 3.01, p = 0.007] performed
better at Time 2, indicating better inhibition, compared to Time
1. There were no other effects. A significant main effect of time
was evident on Brixton Test scores [F(;, 55y = 28.54, p < 0.001]
indicating developmental change. Middle [t,7y = 3.56, p =
0.002] and Older age groups [t0) = 4.36, p < 0.001] scored
significantly higher at Time 2 compared to Time 1 indicating
better rule detection and linear development in these age groups
whereas for the younger group these functions remained stable.
This suggests ongoing change to these functions may occur later
than for Full Scale IQ scores, corresponding well to morphology
data and steep maturational peaks at later age.

Strategy Generation (D-KEFS Letter Fluency Test)
A significant main effect of time was found on the Letter
Fluency Test indicating developmental change between time
points [F(; 55 = 9.25, p = 0.004]. The Younger group scored
significantly higher at Time 2 compared to Time 1, indicating
better strategy generation and linear development [t;5) = 2.19,
p 0.042]. A significant main effect of age group showed
that the Younger group scored significantly higher than the
Middle age group [t35 = 2.50, p = 0.017], indicating non-
linear development and supporting previous findings (Taylor
et al,, 2013). The older group showed no developmental change
between time points indicating that strategy generation matures
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TABLE 4 | Means and standard deviations for Younger, Middle, and Older age groups at Time 1 and Time 2 on executive function tasks of inhibition, rule
detection, strategy generation, and concept formation.

Younger group Younger group Middle group Middle group Older group Older group)
T1(n =19) T2 (n=19) T1 (n =18) T2 (n = 18) T1 (n =21) T2 (n = 21)

MEASURES OF RESPONSE INHIBITION AND RULE DETECTION (HAYLING AND BRIXTON TESTS)

Hayling scaled 5.84 (1.02) A 6.58 (1.26) 5.67 (1.24) 4 6.50 (0.92) 5.62 (1.36) 4 6.67 (1.49)
Brixton scaled 7.63 (2.31) ~ 8.47 (1.54) 6.83 (1.98) 4 7.94 (1.55) 6.86 (1.74) 1 8.38 (1.43)
MEASURE OF STRATEGY GENERATION (D-KEFS LETTER FLUENCY TEST)

Letter fluency 40.00 (7.88) 4 43.16 (9.00) 33.28 (8.46) ~ 35.00 (9.40) 37.05 (7.87) ~ 39.05 (9.67)
MEASURES OF CONCEPT FORMATION (D-KEFS SORTING TEST)

Free sorts correct 11.95 (2.12) ~ 11.00 (1.89) 10.72 (1.78) ~ 9.83 (2.09) 10.90 (2.10) 11.10 (2.10)
Free sort description score 45.42 (7.20) N 38.68 (7.34) 38.94 (9.43) 36.11 (7.48) 41.90 (7.83) 39.05 (8.88)
Sort recognition description score 50.11 (5.83) N 41.79 (6.31) 43.72 (8.46) 41.00 (8.34) 46.33 (7.45) 1 40.05 (8.99)
Verbal sorts description score 32.16 (8.52) ~ 31.79 (8.53) 26.44 (7.52) ~ 31.00 (7.61) 30.76 (8.11) ~ 31.52 (8.88)
Perceptual sorts description score 63.37 (7.40) N 48.68 (8.89) 58.39 (10.81) N 46.11 (9.61) 57.43 (8.52) 1 47.57 (11.50)

Key: 1 represents significantly better performance at Time 2 relative to Time 1, | represents significantly poorer performance at Time 2 compared to Time 1, and ~ represents no
significant change in task scores between Time 1 and Time 2.

TABLE 5 | Means and standard deviations for Younger, Middle, and Older age groups at Time 1 and Time 2 on an executive function task of planning.

Younger group Younger group Middle group Middle group Older group Older group
T1 (n =19) T2 (n =19) T1 (n = 18) T2 (n =18) T1 (n =21) T2 (n =21)

MEASURES OF PLANNING (D-KEFS TOWER TEST)

Number of Tower items completed 8.47 (0.91) 8.63 (0.76) 8.11 (1.02) 1 8.72 (0.58) 8.38 (0.59) ~ 8.71 (0.56)
Tower achievement score 18.16 (3.15) ~ 19.16 (3.39) 18.61 (2.95) ~ 19.33 (3.52) 18.00 (2.85) 0 20.24 (3.59)
Mean first move time 3.00 (1.14) 4 2.40 (0.45) 3.94 (2.07) ~ 3.20 (1.46) 4.33 (2.07) 1 3.25 (1.38)
Time per move 2.51 (0.56) 4 1.98 (0.27) 2.79 (0.79) 1 2.31(0.56) 2.83(0.52) 4 2.35 (0.41)
Move accuracy 1.59 (0.37) ~ 1.62 (0.34) 1.60 (0.55) ~ 1.56 (0.28) 1.71 (0.39) ~ 1.59 (0.31)
Key: 1 represents significantly better performance at Time 2 relative to Time 1 and = represents no significant change in task scores between Time 1 and Time 2.
earlier than other executive functions assessed here and is stable Description score for perceptual sorts showed developmental
by age 18. change [F( 55 = 62.96, p < 0.001] with the Younger
[tasy = 7.51, p < 0.001], Middle (¢t (13) = 449, p =

Concept Formation (D-KEFS Sorting Test)

A significant main effect of time was found on free sort
description score [F(; 55 = 9.91, p = 0.003], a measure of
concept formation, with the Younger group scoring significantly
lower at Time 2 relative to Time 1, indicating poorer concept
formation and indicative of non-linear development of this
function [t = 3.68, p = 0.002]. The Middle and
Older groups showed no developmental change between time
points indicating that concept formation, assessed with free sort
description score, stabilizes by age 18. No other effects were

0.001), and Older groups [t9) = 3.71, p = 0.001] scoring
significantly lower at Time 2 compared to Time 1, indicating
poorer performance and non-linear development. There were
no other effects. To summarize, results of analyses indicated
developmental change on description score for free sorts, sort
recognition and perceptual sorts. These require several executive
functions including concept formation, the ability to group cards
into categories reflecting a common feature, cognitive flexibility
to search for new sorts, and inhibition of repeated sorts (Delis
et al,, 2001). Overall findings indicate that particular aspects of

evident. concept formation are less stable at these age ranges than other
Developmental change was evident on the sort recognition  oyecutive functions.
description score between time points [F(; 55 = 21.11,

p < 0.001] with the Younger group scoring lower at Planning (D-KEFS Tower Test)

Time 2 following a non-linear pattern and indicating poorer =~ For number of towers completed there was a significant effect
concept formation compared to Time 1 [tg = 4.73, p <  of time indicating developmental change in planning ability
0.001]. Similarly, the Older group scored significantly lower  [F(; 55 = 12.09, p = 0.001]. The Middle age group completed
on sort recognition description score at Time 2 compared to  significantly more towers at Time 2 relative to Time lindicating
Time 1 [ty = 3.15, p = 0.005]. There were no other  better planning and linear development [t;7) = 3.34, p = 0.004].
effects. There were no other effects. This suggests a potential spurt in this
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ability between ages 18 and 19 years that is not seen at younger or
older ages.

There was also a significant effect of time on Tower
achievement score [F(; 55 = 6.28, p = 0.015]. The Older
group attained a significantly higher achievement score at
Time 2 compared to Time 1 [tp) = 2.16, p = 0.043]
indicating linear functional development, but there were no other
effects. Achievement score takes into account whether towers are
completed and the number of moves, indicating that the Older
group employed a better planning strategy at Time 2 relative to
Time 1.

There was also an effect of time on mean first move on the
Tower Test [F(;, 55y = 18.74, p < 0.001] with the Younger group
significantly quicker on first move at Time 2 relative to Time
1 [tqsy = 2.47, p = 0.024] indicating linear development. A
similar pattern was found in the Older group with a significantly
shorter mean first move time at Time 2 compared to Time 1
[to) = 3.73, p = 0.001]. No developmental change was found
in the Middle group [t;7y = 1.73, p = 0.102] indicating mean
first move time may improve between ages 17 and 18, stabilize
between ages 18 and 19, followed by further improvement.
There was a significant effect of group for mean first move time
[F, 559 = 3.25, p = 0.046] that was investigated further with
post-hoc t-tests. The Younger group scored significantly lower,
showing a faster mean first move time than the Older group
[tG1.73) = 2.37, p = 0.024], indicating non-linear development,
with no other group differences evident.

Additionally, there was a significant effect of time on mean
time per move scores on the Tower task [F(; s5 = 78.06, p <
0.001]. Younger [t;3) = 4.74, p < 0.001], Middle [¢;7) = 5.32,
p < 0.001], and Older groups [t;9) = 5.45, p < 0.001] showed
significantly shorter time per move at the second time point
compared to Time 1 indicating linear development of this index
of planning.

Social Cognition Measures
Descriptive statistics for social cognition task scores are presented
in Table 6.

Emotion Recognition in Visual Static and
Auditory Stimuli (Reading the Mind in the Eyes
and Voices Tests)

There was no significant effect of time [F(; 555 = 0.01, p =
0.915] or group [F(; 555 = 1.75, p = 0.183] on the Reading
the Mind in the Eyes Test. Similarly, there was no effect of time
[Fa, 55 = 0.57, p = 0.454] or group [F; 555 = 1.03, p =
0.362] on the Reading the Mind in the Voice Test indicating that
emotion recognition in visual static and auditory stimuli shows
no developmental change beyond age 17.

Dynamic Visual and Auditory Stimuli with Social
Interaction (Movie for the Assessment of Social
Cognition)

There was a significant effect of time on total MASC score
indicating developmental change [F(; 555 = 5.29, p = 0.025],
with Middle [t;7) = 2.22, p = 0.041], and Older [t;p =
3.20, p = 0.005] groups scoring significantly higher at Time 2,
indicating better social cognition, relative to Time 1, following
a linear direction. Similarly, there was an effect of time on
MASC excessive mental state inference errors [F(; s5 = 9.73,
p = 0.003] with the Middle [ty = 2.38, p = 0.029] and
Older groups [t0) = 2.36, p = 0.029] making significantly
fewer errors at Time 2 compared to Time 1 indicating linear
improvements and a reduction in over-attribution of mental state
content. Finally, there was no effect of time on MASC insufficient
mental state inference errors [F(; 555 = 1.15, p = 0.288]
and MASC no Theory of Mind errors [Fj 55 = 0.13, p =
0.718] with no other effects. The finding of Middle and Older
groups scoring higher at Time 2 due to fewer excessive mental

TABLE 6 | Means and standard deviations for Younger, Middle, and Older age groups at Time 1 and Time 2 on social cognition tasks.

Younger group Younger group Middle group Middle group Older group Older group
T1(n=19) T2 (n =19) T1(n=18) T2 (n =18) T1(n=21) T2 (n =21)

STATIC VISUAL STIMULI (READING THE MIND IN THE EYES TEST)
Eyes 26.63 (5.74) ~ 26.84 (4.65) 27.00 (3.93) ~ 27.00 (3.45) 28.81 (2.44) ~ 28.71 (2.94)
AUDITORY STIMULI (READING THE MIND IN THE VOICE TEST)
\Voice 16.53 (2.39) ~ 16.58 (2.87) 16.72 (3.05) ~ 17.33 (2.50) 17.57 (2.16) ~ 17.62 (2.54)
DYNAMIC VISUAL AND AUDITORY STIMULI WITH SOCIAL INTERACTION (MOVIE FOR THE ASSESSMENT OF SOCIAL COGNITION)
MASC correct 365.05 (4.59) ~ 35.00 (6.57) 35.17 (2.64) 1 36.56 (3.29) 36.19 (6.43) iy 38.38 (2.31)
MASC excessive errors 5.95 (3.15) ~ 5.26 (3.11) 6.37 (2.03) 1 5.00 (2.54) 4.90 (2.66) 1 3.86 (1.68)
MASC insufficient errors 2.74 (2.10) ~ 2.63 (2.41) 2.22 (1.26) ~ 2.50 (1.62) 2.62 (1.63) ~ 1.76 (1.09)
MASC no ToM errors 1.26 (0.93) ~ 1.58 (2.57) 1.22(0.73) ~ 0.94 (1.11) 1.29 (0.90) ~ 1.00 (0.84)
SELF-REPORT EMPATHY (INTERPERSONAL REACTIVITY INDEX)
IRI Fantasy 19.05 (5.04) ~ 19.42 (3.92) 15.67 (5.51) ~ 14.56 (5.72) 17.90 (5.09) ~ 19.48 (4.42)
IRI Perspective Taking 15.89 (3.56) ~ 17.21 (3.79) 16.83 (4.50) ~ 16.06 (4.71) 18.00 (4.04) A 17.81 (3.50)
IRI Empathic Concern 21.21 (3.90) ~ 21.37 (2.61) 20.39 (3.66) ~ 19.39 (4.98) 20.57 (2.73) ~ 21.52 (2.71)
IRI Personal Distress 12.53 (5.27) ~ 10.84 (4.40) 14.61 (5.47) ~ 12.89 (5.93) 13.43 (3.79) ~ 14.52 (5.25)

Key: 1t represents significantly better performance at Time 2 relative to Time 1, | represents significantly poorer performance at Time 2 compared to Time 1, and ~ represents no

significant change in task scores between Time 1 and Time 2.
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state inference errors may indicate that social cognition develops
between ages 18 and 20 years when assessed with naturalistic,
dynamic and auditory stimuli.

Self-report Empathy (Interpersonal Reactivity
Index)

There was no effect of time on IRI Fantasy [F(; s5 = 0.25,
p = 0.618], Perspective Taking [F(; 55y = 0.06, p = 0.810],
Empathic concern, [F(;, 55 < 0.01, p = 0.924], and Personal
Distress [F(1 55 = 2.52, p = 0.118] scales. These findings
indicate that self-report empathy is relatively stable by age 17
years.

Gender Comparisons

Age groups at Time 1 were collapsed and Mann Whitney U
tests were conducted to analyse possible gender comparisons
between females (n = 47) and males (n = 11). Results showed a
significant difference on two indices of concept formation. Males
(Mdn = 48.0, range = 18.0) scored higher than females (Mdn =
40.0, range = 42.0) on free sorts description score (U = 158.50,
z = 1.99, p = 0.047), requiring participants to sort and describe
cards. Similarly, males (Mdn = 64.0, range = 18.0) scored higher
than females (Mdn = 59.0, range = 46.0) on description score
for perceptual sorts (U = 157.00, z = 2.02, p = 0.044), requiring
participants to describe sorts based on visuo-spatial features of
cards. There were no other gender group differences on executive
function indices (all other ps > 0.08).

There were gender group differences on self-report empathy
indices of Empathic Concern, sympathetic feelings toward
other people’s misfortune, and Personal Distress, feelings of
apprehension in stressful situations. Females (Mdn = 21.0, range
= 12.0) scored higher than males (Mdn = 19.0, range = 9.0) on
Empathic Concern (U = 133.00, Z = 2.50, p = 0.012). Similarly,
females (Mdn = 14.0, range = 22.0) scored higher than males
(Mdn = 10.0 range = 12.0) on Personal Distress (U = 101.00,
Z 3.13, p 0.002). There were no other gender group
differences on social cognition tasks (all other ps > 0.05). Overall
gender analyses indicate that males outperformed females on two
indices of concept formation and females outperformed males on
two indices of self-report empathy.

Overall, results of longitudinal analyses indicate that executive
functions and social cognition follow divergent trajectories.
Strategy generation (Letter Fluency Test) improved between
ages 17 and 18 followed by no developmental change,
whereas inhibition (Hayling Test) and rule detection (Brixton
Test) showed later improvement between ages 18 and 20
years. Concept formation (Sorting Test) was less stable than
other executive functions with some indices showing non-
linear development between time points. Planning (Tower
Test) showed evidence of improvements between time points
continuing into early adulthood with achievement score, mean
first move time and time per move developing between ages 19
and 20. Emotion recognition with static visual stimuli (Eyes Test)
and auditory stimuli (Voices Test) and self-report empathy (IRI)
showed no development beyond age 17. Social cognition assessed
with dynamic stimuli (MASC) showed improvements into early
adulthood between ages 18 and 20 years.

Discussion

The present study extends previous executive function and social
cognition research by employing a longitudinal design across
peak maturational periods of brain development with narrow
age ranges allowing developmental changes to be identified.
Participants aged 17, 18, and 19 years at Time 1 completed 1Q,
executive function and social cognition tasks 12-16 months later
(interval between testing M = 14.81 months, SD 4.01).
We predicted that executive functions of strategy generation,
planning, inhibition, and rule detection would improve and
concept formation would decline, whereas social cognition would
be relatively stable between time points. Results supported the
hypotheses with strategy generation improving between ages
17 and 18 years and inhibition and rule detection developing
between ages 18 and 20 years. Improvements in planning were
evident across age groups on several indices (towers completed
improved between ages 18 and 19 years, achievement score
improved between 19 and 20 years, mean first move time reduced
between ages 17 to 18 years and 19 to 20 years and time per
move reduced between time points for all age groups). The
hypothesis of concept formation declining was supported by
description scores for free sorts, sort recognition, and perceptual
sorts declining between time points, indicating non-linear
development. The hypothesis of social cognition being relatively
stable was partially supported with no development of emotion
recognition in visual static and auditory stimuli and self-report
empathy beyond age 17 years. Social cognition with dynamic
stimuli showed functional improvement between ages 18 and 20
years. Overall these findings indicate that socio-cognitive and
executive functions follow divergent developmental trajectories
corresponding to divergent brain change based on neural
topography. The finding of functions showing improvement or
decline at specific ages would not have been captured with
broader age ranges as used in other studies. Thus the longitudinal
design with fine-grained age groups provided more specific detail
about functional developmental change at these ages.

The protracted development of functions into late adolescence
and early adulthood may reflect ongoing brain maturation
although that is not measured here. Middle and Older age
groups scored significantly higher on the Hayling Test at Time
2 compared to Time 1, indicating better inhibition. Section two
of the Hayling Test requires inhibition of prepotent responses
associated with activation of dorsolateral prefrontal networks
(Nathaniel-James and Frith, 2002). Loss of gray matter (via
pruning of obsolete cell bodies) commences in dorsolateral
prefrontal networks in late adolescence (Gogtay et al., 2004),
so the development of cognitive inhibition may reflect synaptic
pruning resulting in more efficient neural networks (Sowell
et al., 2001). In the present study, the Younger group scored
significantly higher at Time 2 on the Letter Fluency Task,
indicating better strategy generation, compared to Time 1. There
was no developmental change on this measure in the Middle
and Older groups indicating that strategy generation stabilizes
by age 18. Improved strategy generation in the Younger group
may reflect white matter maturation in the Posterior Limb of
the Internal Capsule (Bava et al., 2010) specific to this age due
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to mean diffusivity, an index of white matter integrity, reaching
90% maturation in this brain region by age 18 (Lebel et al,
2008), a similar age to the Younger group at Time 2. All age
groups achieved a faster time per move at Time 2 relative to
Time 1 on the Tower Test measure of planning. The faster time
per move could be explained by ongoing axonal myelination
into early adulthood increasing transmission speed (Sowell
et al., 2001). Planning tasks require widespread neural networks
including frontal, parietal and premotor areas (Wagner et al,
2006), and rapid integration of different neural regions. Greater
functional connectivity between these areas could result in more
efficient, accurate, and automatic processing (Stevens et al., 2007)
evidenced by improved planning indices at Time 2. The finding of
divergent executive function developmental trajectories supports
the notion of a fractionated executive function system (Miyake
et al., 2000).

Present findings showed developmental change on description
scores for free sorts, sort recognition and perceptual sorts
on the D-KEFS Sorting Test measures of concept formation.
Successful performance on these tasks requires participants to
consider verbal and perceptual information on sorting cards
and the formation of two groups with common attributes
whilst concurrently inhibiting previous sorts. According to the
manual, higher marks are awarded for more abstract (e.g.,
warm things and cool things) compared to concrete descriptions
(e.g., “you like these on a cold day” and “you like these
on a hot day”). Description score for perceptual sorts were
significantly lower at Time 2 compared to Time 1, indicating
poorer performance, across all age groups indicating non-linear
development. This description score is an index of participants’
descriptions of visuo-spatial features of the cards (e.g., concave
shape vs. convex shape). In addition to the executive functions
of concept formation, cognitive flexibility and inhibition, non-
executive functions are also measured by the Sorting Test such
as perceiving visual features of the cards, use of language
and memory. This is a potential problem often highlighted
in standardized executive function measures relating to task
impurity (Burgess, 1997) because non-executive functions such
as language, memory, and visuo-spatial processing are also
measured in executive function tasks since these higher-level
functions operate across/integrate other lower level functions
(Gioia and Isquith, 2004). The present study showed that the
Younger group scored significantly lower at Time 2 compared
to Time 1 on free sort description score on the D-KEFS Sorting
Test supporting the notion of non-linear development in concept
formation (Kalkut et al., 2009; Taylor et al., 2013). This is an
example of a transitory destabilization of functions during late
adolescence / early adulthood due to functional network re-
organization (Uhlhaas et al., 2009).

Our findings showed that performance on the Eyes and
Voices Tests was not different across time points indicating
that emotion recognition of visual static and auditory stimuli
is relatively stable across late adolescence and early adulthood
supporting previous cross-sectional findings (Taylor et al., 2013).
At Time 2, the Middle and Older groups scored significantly
higher on the MASC due to fewer excessive mental state inference
errors compared to Time 1 indicating that social cognition may

develop linearly in late adolescence / early adulthood when
assessed with naturalistic, dynamic stimuli. The Eyes and Voice
Tests assess social-perceptual aspects of social cognition (Tager-
Flusberg, 2001) requiring understanding and interpretation of
information from faces, voices, and body posture and mental
state attribution. In addition to social-perceptual processes, the
MASC is considered to assess social-cognitive processes, the
use of information over time and events in the attribution of
mental states. The present findings indicate that social-cognitive
processes show more protracted development compared to
social-perceptual processes, supporting the notion of social-
perceptual and social-cognitive components showing different
developmental trajectories (Tager-Flusberg, 2001). A possible
explanation for the development in MASC scores across time
points is the decrease in functional connectivity between
adolescence and early adulthood (Burnett and Blakemore,
2009) that could reflect synaptic pruning (Boersma et al.,
2011) of unused connections and strengthening of frequently
used synapses, resulting in more efficient networks, with a
developmental shift from diffuse, extensive activation to focal
activation (Durston and Casey, 2006). Imaging studies indicate
that performance on the MASC is associated with diverse
neural networks including occipito-parietotemporal, temporal
and prefrontal networks (Wolf et al., 2010) whereas performance
on the Eyes Test in adulthood is associated with activity to the
posterior temporal sulcus and inferior frontal gyrus (Moor et al.,
2012). Dynamic stimuli are associated with more widespread
activation than static stimuli (Trautmann et al, 2009) so it
is possible that improvements on the MASC were due to the
development of more efficient neural networks and myelination
resulting in improved neural transmission (Sowell et al., 2001)
between widespread regions.

Present findings of Verbal IQ developing between ages 17 and
19 years and Performance IQ developing between ages 17 and
20 years support the notion that IQ continues to develop into late
adolescence and early adulthood (Wechsler, 1981; Ramsden et al.,
2011). Verbal IQ means were within the average range so Verbal
IQ change cannot account for any other developmental change
on executive function and social cognition tasks. The decline
in free sort description score, a measure of concept formation
between ages 17 and 18 years is in contrast to developments in
Verbal IQ indicating that concept formation shows a different
developmental trajectory to IQ. All groups scored significantly
higher at Time 2 compared to Time 1 on Performance IQ
possibly reflecting an improvement in speed of processing due to
increased neural transmission and white matter integrity (Sowell
et al., 2001).

One issue with longitudinal research is practice effects, better
performance on tests due to previous completion and becoming
accustomed to the study in general (Jonsson et al., 2006). All
groups had a significantly faster mean time per move at Time
2 relative to Time 1 on the Tower Test measure of planning
possibly due to participants having completed the task before
and already having a strategy to complete the towers. However,
practice effects were reduced in the present study by giving
participants no feedback about whether answers were correct.
An interval of a year between testing minimized memory
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contributing to practice effects (Hausknecht et al., 2007) and
alternative forms of the Letter and Sorting Tests were used at
Time 1 and Time 2.

The present study extends previous research by employing a
longitudinal design to identify whether abilities improve, decline
or stabilize over time (De Luca et al., 2003; Romine and Reynolds,
2005; Waber et al., 2007). It is important to understand the
developmental trajectory of functions and whether they show
linear or non-linear development. It is of note that the cross
sectional data with 17, 18, and 19 year olds (Taylor et al., 2013)
and longitudinal analyses are not consistent. For example, no
cross sectional group differences were evident on the MASC
whereas longitudinal analyses showed that the Middle and
Older groups scored significantly higher at Time 2, indicating
better social cognition, compared to Time 1. Longitudinal and
cross sectional findings are sometimes not consistent because
cross sectional analyses show inter-individual (group) differences
whereas longitudinal analyses show intra-individual change
(Schaie, 2005). Longitudinal analyses may be considered more
reliable because in the cross sectional study participants reported
considerable changes to living arrangements and friendship
groups (Taylor et al., 2013) and Schaie (2005) suggested cross
sectional age group comparisons are only appropriate in a stable
environment.

The development of social and executive functions may reflect
brain maturation and environmental change (Hughes and Ensor,
2009) such as changes to living arrangements and friendship
groups (Taylor et al, 2013). Tuvblad et al. (2013) reported
that non-shared environmental factors contributed to 54% of
variance in Iowa Gambling Test scores at age 16 to 18, indicating
that environmental factors influence individual differences in
decision making during late adolescence.

There was a gender imbalance with more females taking part
in the study than males. Males scored higher than females on
two indices of concept formation, free sort description score
and description score for perceptual sorts. Females scored higher
than males on two indices of self-report empathy, empathic
concern, and personal distress, possibly due to social desirability
(Laurent and Hodges, 2009). Importantly, results of gender
analyses showed relatively few group differences at these age
ranges suggesting that development (time) plays a much more
important role in the emergence/stability of cognitive functions
at these age ranges.

The present findings have educational and clinical
implications. Blakemore (2010) proposed that adolescence
is a sensitive period for teaching due to protracted neural
re-organization and that education should focus on cognitive
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Accurate temporal estimations are essen-
tial in order to face the surrounding
variety of everyday situations (Vicario
et al., 2013a). Executive functions (EF)
seem strongly involved in timing abil-
ity, allowing us to codify temporal inter-
vals, reproduce durations and/or re-call
them after a previous encoding phase.
In particular, time processing abilities
seem related to three different domains
of our EF such as working memory
(WM) (Fortin and Breton, 1995; Fortin
and Rousseau, 1998; Mangels et al., 1998;
Lewis and Miall, 2006) attention (Rose
and Summers, 1995; Casini and Ivry,
1999; Enns et al., 1999; Tse et al., 2004;
Brown, 2006; Vicario et al., 2007, 2009,
2011a,b; Vicario, 2011), and impulsivity
control (Reynolds and Schiffbauer, 2004;
Wittmann and Paulus, 2008; Rubia et al.,
2009).

The evidence in support of these rela-
tionship is provided not only by the
empirical demonstration that the interfer-
ence with the processing of one of these
three EF affects timing performance (e.g.,
patients with attention or WM deficits
are less accurate in time keeping func-
tions. For instance see the works of Casini
and Ivry (1999) and Mangels et al. (1998)
on patients with prefrontal lesions) but
also in theoretical models which explain
how the brain keeps memory of time.
For example, the pacemaker—accumulator
model (Buhusi and Meck, 2009), assumes
that the human brain has its own internal
clock with a pacemaker producing subjec-
tive time units (Zakay and Block, 1997).
Wittmann and Paulus (2008) argue a pos-
sible influence of impulsivity on the sub-
jective time keeping functions. In fact, it
has been suggested that impulsivity might
influence the pacemaker rate of this inter-
nal clock and therefore the number of
accumulated pulses for temporal units (see

Wittmann and Paulus, 2008 for a review
on the argument).

In this article I expand upon this idea
by providing evidence in support of the
suggestion that the ability in performing
cognitively controlled timing tasks develop
in parallel with these three domains of the
EE This hypothesis basically stems from
two arguments: (i) The evidence of a close
relationship, in childhood populations,
between temporal accuracy and the per-
formance in tasks involving WM, attention
and impulsivity control; (ii) The evidence
of age related functional differences com-
paring the activity of the prefrontal cor-
tex during the execution of timing as well
as WM, attentive and impulsivity control
tasks.

The implications behind this hypoth-
esis are intriguing because they may
help to clarify, through the study of
cognitive development models, the rela-
tionship between the development of
the EF and the progression of the level
of sophistication of time keeping skills.
Moreover, the study of the time keep-
ing functions in childhood populations
could represent a potential element of
evaluation to qualitatively determine
and/or monitor the EF development dur-
ing the critical phases of brain growth.
Finally, one advantage in charting the
developmental trajectory of time process-
ing and EF at certain critical moments
of development is that this can help
to differentiate between experience-
dependent versus inborn aspects of time
and EE

TIME KEEPING AND EXECUTIVE
FUNCTIONS IN ADULTHOOD

The literature specialized on time keep-
ing has suggested a general distinction
between “cognitively controlled” and “auto-
matic” timing processes (Lewis and Miall,

2006). Factors such as the temporal scale
(sub-seconds vs. supra-second), the task
typology (motor vs. not motor) and
the type of measurement (continuous vs.
intermittent) are considered as (have been
considered) the key factors underlying
this distinction. Therefore it was asserted
(Lewis and Miall, 2006) that a typical
automatic timing task involves contin-
uous measurement of a series of pre-
dictable sub-second intervals defined by
movements; on the other hand, a cogni-
tively controlled timing task requires the
explicit orientation of attentional sources
toward the duration of stimuli lasting
more than one second and characterized
by some level of discontinuity (e.g., when
timing is broken into discrete measure-
ments by the presence of unpredictable
irregular intervals). In reality, this distinc-
tion may be more flexible’ since cogni-
tively controlled timing tasks may also
involve non-motor timing tasks of sub-
second durations (e.g., time comparison
tasks which require the involvement of
decision-making processes—see Vicario,
2013a,b for a complete discussion on
this argument) as well as supra-second
motor timing tasks (e.g., the classical time
reproduction).

In the literature on cognitively con-
trolled timing, several works have pro-
vided direct support for the relationship
between some EF and time keeping per-
formance. In particular, it has been shown
that this function can be influenced by
WM, attention and impulsivity/inhibition
skills.

Behavioral studies conducted on adult
participants have reported that WM and
time measurement draw upon the same
cognitive resources. For example, it has
been shown that secondary tasks involv-
ing phonological WM disrupt timing skills
(Fortin and Breton, 1995).
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Attention manipulation also influences
performance in cognitively controlled
temporal tasks (Vicario et al., 2007, 2009).
For example, it was shown that optoki-
netic stimulation, which is known to
influence spatial attention (Mattingley
et al., 1994), affects the participants’ per-
formance in temporal decision tasks such
as the temporal discrimination of visual
stimuli (Vicario et al., 2007).

Finally, evidence of a relationship
between time keeping abilities and impul-
sivity control has been provided by the
work of Reynolds and Schiffbauer (2004),
which showed that impulsivity due to sleep
deprivation causes temporal underestima-
tion in the multiple-seconds range. The
recent study by Vicario et al. (2010) on
childhood Tourette participants provides a
further insight to the link between impul-
sivity control and time keeping mech-
anisms. In fact, the authors reported
an inverse correlation between temporal
accuracy and tic severity scores of these
patients. These results might be explained
by a compensatory process of neuro-
plasticity, which is probably related to
the gain of (inhibitory) control over tics
through the development of compensatory
self-regulation mechanisms.

All the studies support the cen-
tral role of WM, attention and
impulsivity/inhibition skills on cognitively
controlled timing tasks. However, we can-
not exclude that future investigations may
extend the influence of EF on timing skills
to other higher-level constructs classified
under the umbrella EF term.

TIME KEEPING AND EXECUTIVE
FUNCTIONS IN CHILDHOOD

Although there is evidence supporting a
very early ability of infants in detecting
the temporal features of environmental
stimuli (Brackbill and Fitzgerald, 1972),
numerous studies have suggested that tim-
ing skills improve throughout childhood
(see Allman et al., 2012 and Droit-Volet,
2013 for some recent review). For exam-
ple, the Droit-Volet research team has
in several occasions documented that the
temporal sensitivity improves with age.
By using a time bisection task which
makes it possible to calculate a precise
index of time sensitivity, namely the Weber
ratio, the authors found an improve-
ment with age for both sub-second and

supra-second temporal intervals (Droit-
Volet and Clement, 2005; Droit-Volet
etal., 2008; Zelanti and Droit-Volet, 2011).

Moreover, Chatham et al. (2009)
recently found that 3.5 year old fail
to use proactive control, which can be
interpreted as evidence of a failure to
proactively prepare for the predictable
future (Shallice and Vallesi, 2007). In fact,
proactive control can be considered in
relation to time keeping skills, since it
mediates the capacity to anticipate and
prepare for future events (Chatham et al.,
2009). Finally, the recent longitudinal
study of Forman et al. (2011) showed that
the higher the gain in WM development
the better the timing calibration.

Similar age related progressions have
been reported for WM, attention, and
impulsivity control skills. For example,
Hitch and Halliday (1983) and Hulme and
Tordoff (1989) have reported that 3-4-
year-old children are already capable of
retaining information in their phonolog-
ical store. This provides evidence in sup-
port of an early development of WM skills.
However, it has been noticed that children
cannot perform sub-vocal rehearsal until 7
or 8 years of age; therefore until this time,
the information stored in the phonologi-
cal loop rapidly decays (Gathercole, 2008).
This evidence is supported by Gathercole
and Alloway (2008), who have found that
in Anglo-Saxon participants the digit span
increases with age until 15 years. However,
a subsequent study on a Spanish popula-
tion has found that this age limit extends
to 17 years (Sebastian and Herndndez-Gil,
2012).

Many studies have also demonstrated
age-related improvements in selective
attention (Trick and Enns, 1998; Scerif
et al., 2004), sustained attention (Aylward
et al.,, 2002) and attentional control
(Jacques and Zelazo, 2001). For exam-
ple, Aylward et al. (2002) used the Gordon
Diagnostic System (Gordon, 1983) for
testing auditory and visual vigilance and
the distractibility in a sample of 643 chil-
dren (Mean age 9.76). The authors found
an inverse relationship between error score
and the age of participants. A similar
age related progression has been docu-
mented for impulsivity control, which has
been reported to be quite low in children
Bjorklund and Harnishfeger (1995). For
example, Hughes and Russell (1993) used

a ‘day-night’ task (Gerstadt et al., 1994)
which required children to inhibit a well-
established naming response to picture
cards. Once again, the authors showed a
progressive improvement in this task in
children between the ages of 3 and 7 years.

Neuroimaging works provide a fur-
ther support to the hypothesis that time
keeping abilities and executive functions
develop in tandem.

In adulthood, there is compelling evi-
dence showing an important role of these
regions in timing abilities (Koch et al.,
2003; Jones et al., 2004; See Wiener
et al., 2010 for review). For instance, Koch
et al. (2003) have shown that repetitive
Transcranial Magnetic Stimulation upon
the right dorsolateral prefrontal cortex
(DLPFC) causes temporal underestima-
tion of supra-second durations.

On the other hand, this neural struc-
ture is involved in WM (Wager and Smith,
2003), attention (Peers et al., 2013) and
impulsivity control (Jasinska, 2013) func-
tions. Moreover, there is evidence doc-
umenting a co-existence of timing, WM
and attentive deficits in patients with pre-
frontal lesions (for example see Mangels
etal., 1998 and Casini and Ivry, 1999).

A prefrontal activity has been doc-
umented even in children while per-
forming a timing task. For instance, the
recent study of Smith et al. (2011) has
shown an age-related increases in the
activation of several regions of the pre-
frontal lobe, including the DLPFC, while
performing a temporal discrimination of
supra-second durations (i.e., cognitively
controlled timing). In a similar fashion,
studies on childhood populations show
that the activity of prefrontal regions is
influenced by WM, attentive and impulsiv-
ity control tasks (Smith et al., 2004; Scherf
et al., 2006; Rubia et al., 2006). However,
all these works reported a pattern of
underactivation during the execution of
the above mentioned tasks. Interestingly,
according to what has been reported in
behavioral works, these studies show evi-
dence that the activation of the prefrontal
cortex increases with the age of partici-
pants. The development of white matter
in the prefrontal regions through adoles-
cence (Schmithorst and Yuan, 2010), could
be the cause of these changes in the neural
activation of this area and the performance
in the tasks described above.
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CONCLUSION

In this short overview I discussed the lit-
erature in support of the suggestion that
the ability of children in performing cog-
nitively controlled timing tasks develops in
parallel to WM, attention and inhibitory
control functions. Independent behavioral
studies are in support of this assumption
by showing the existence of age related
performance improvements for all these
cognitive functions. These functions have
also been put in relationship with the exis-
tence of an age related prefrontal cortex
activity, which might be presumably due
to the white matter increment continuing
through adolescence and into adulthood
(Schmithorst and Yuan, 2010).

Although it is possible that other
dimensions of the EF domain may have an
influence on the development and support
of time keeping abilities, we can only dis-
cuss the relationship between time keep-
ing and EF functions within the limits of
the available literature. This implies that
cognitively controlled timing skills might
develop and take place from the same
basic (i.e., neural and cognitive) mecha-
nisms involved in the formation of three
dimensions of EF discussed in this arti-
cle. However, cognitively controlled timing
skills cannot be reduced to these three EF,
considering that the representation of time
is built also with the active involvement
of other processes (e.g., those implied in
the representation of space and quan-
tity, see Walsh, 2003 and Vicario et al.,
2013b for some review) and brain regions
(e.g., parietal cortex, see Wiener et al,
2010 for a review) that cannot be directly
linked to EE.

Future works devoted to exploring the
developmental hypothesis discussed in this
paper may wish to combine behavioral
measures and brain methods in a lon-
gitudinal perspective, which may be rec-
ognized as important in addressing the
link between cognitive and neural devel-
opment. This approach would help to clar-
ify whether and how these three domains
of EF and cognitively controlled timing
skills develop in parallel.
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Executive control (EC) generally refers to the regulation of mental activity. It plays a crucial
role in complex cognition, and EC skills predict high-level abilities including language
processing, memory, and problem solving, as well as practically relevant outcomes such
as scholastic achievement. EC develops relatively late in ontogeny, and many sub-groups of
developmental populations demonstrate an exaggeratedly poor ability to control cognition
even alongside the normal protracted growth of EC skills. Given the value of EC to human
performance, researchers have sought means to improve it through targeted training;
indeed, accumulating evidence suggests that regulatory processes are malleable through
experience and practice. Nonetheless, there is a need to understand both whether specific
populations might particularly benefit from training, and what cortical mechanisms engage
during performance of the tasks used in the training protocols. This contribution has two
parts: in Part |, we review EC development and intervention work in select populations.
Although promising, the mixed results in this early field make it difficult to draw strong
conclusions. To guide future studies, in Part Il, we discuss training studies that have included
a neuroimaging component — a relatively new enterprise that also has not yet yielded a
consistent pattern of results post-training, preventing broad conclusions. We therefore
suggest that recent developments in neuroimaging (e.g., multivariate and connectivity
approaches) may be useful to advance our understanding of the neural mechanisms
underlying the malleability of EC and brain plasticity. In conjunction with behavioral data,
these methods may further inform our understanding of the brain—behavior relationship
and the extent to which EC is dynamic and malleable, guiding the development of future,
targeted interventions to promote executive functioning in both healthy and atypical
populations.

Keywords: executive function, neuroimaging, fMRI, working memory, training, interventions, connectivity analysis

INTRODUCTION: THE IMPORTANCE OF EXECUTIVE CONTROL
Most of the time, people’s rich experiences enable them to navi-
gate the world using a set of habitual (or well-learned) behaviors.
Situations sometimes arise, however, that necessitate on-the-fly
changes to these routines. For example, an unexpected road clo-
sure can require a shift in the usual route one takes to work. In
this and similar circumstances, people must deploy executive con-
trol (EC) to countermand dominant thoughts and behaviors in
favor of irregular actions. In general, EC refers to the guided reg-
ulation of thought and action to match internal or task-relevant
goals, particularly in novel situations. Importantly though, EC
is not a unitary process but refers to a constellation of separable
components that collectively work to guide goal-directed behav-
ior (Norman and Shallice, 1986; Botvinick etal., 2001; Miller and
Cohen, 2001). Some components — appearing in different theoret-
ical frameworks under a variety of guises —include a control system
to manipulate information within short-term memory (Baddeley
and Hitch, 1974), and overlapping but separable processes such

as self-regulation and -awareness, task-switching, updating, and
response inhibition (Miyake, 2000; Barkley, 2001; Friedman and
Miyake, 2004). It is thought that these components can operate
over a wide variety of domains including working memory (WM)
and language processing (Smith and Jonides, 1999; Novick etal.,
2005; Thompson-Schill etal., 2005; Badre and Wagner, 2007). In
this review, we refer to EC in a broad sense to include atten-
tional control, cognitive control, and self-regulatory behavior
(Jonides etal., 1998; Miller and Cohen, 2001; Thompson-Schill
etal., 2005).

Although researchers generally agree that the neurobiologi-
cal systems underlying EC involve the prefrontal cortex (PFC),
the precise manner in which regions within the PFC support
cognitive components of EC is still debated (Figure 1). Lat-
eral regions of PFC may become engaged under multiple EC
demands in a variety of tasks (Thompson-Schill etal., 1997;
Duncan and Owen, 2000; Jonides etal., 2008). The anterior cin-
gulate cortex (ACC), a medial frontal region, is thought to be
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FIGURE 1 | A wide network of brain regions is recruited during EC
processes. The panels above show medial (left) and lateral (right) views of the
left hemisphere. Regions in the EC network include dorsolateral prefrontal
cortex (DLPFC: brown), ventrolateral prefrontal cortex (VLPFC: orange),

anterior cingulate cortex (ACC: blue), posterior parietal cortex (PPC: purple),
and medial temporal lobe structures (MTL: yellow). There is extensive
cross-talk between these regions and with other regions sub-serving
perceptual, motor, and affective/emotional functions.

involved in conflict monitoring, detecting situations that may be
incompatible with current task goals or demands (e.g., Botvinick
etal,, 2001), which then signal adjustments in behavior to lat-
eral PFC regions (Kerns etal., 2004). Altogether, these cortical
regions receive multiple inputs from and project outputs to virtu-
ally all perceptual and motor cortical areas, affective/emotional
networks, and subcortical structures. These connections pro-
vide an ideal infrastructure for integrating multiple sources of
information and guiding subsequent thoughts and actions in a
top-down fashion (e.g., Amso and Casey, 2006). We should note
here: neural regions that support EC processes are not neces-
sarily restricted to PFC. The capacity to focus attention may
be constrained by parietal as well as frontal mechanisms, with
increased executive demands modulating activity in posterior
parietal (PPC) and dorsolateral frontal cortices (e.g., Wager and
Smith, 2003). Additionally, medial temporal lobe (MTL) struc-
tures may be recruited in task-specific situations that require
the establishment of novel relations (Ranganath and Blumenfeld,
2005).

A traditional assumption has been that while EC and other ele-
ments of higher cognition develop rapidly through childhood and
adolescence, they remain relatively fixed throughout adulthood.
However, recent evidence has challenged this assumption: first,
EC processes may follow a non-linear developmental trajectory,
in which the maturation of these abilities is subject to changes in
brain morphology (Taylor etal.,2013). These processes — driven in
part by both heritable and environmental factors — may in fact be
subject to experience-dependent plasticity throughout the lifes-
pan (Gray and Thompson, 2004; Bialystok etal., 2006; Neville
etal., 2013; Rebok etal., 2014). In particular, interest has grown
in lab-based interventions targeting EC components with the aim
of also improving performance on other tasks that rely on similar
processes (Morrison and Chein, 2010; Jaeggi etal., 2011; Hussey
and Novick, 2012).

The importance of intervention work targeting EC is under-
scored by the accumulating evidence that EC operates across
other cognitive domains, including WM (e.g, Smith and Jonides,
1999). In particular, WM abilities predict a wide range of practical

outcomes that are important in everyday life, including read-
ing comprehension and mathematical skills (de Jonge and de
Jong, 1996; Passolunghi and Siegel, 2001; Gathercole et al., 2006),
planning and problem solving (Shah and Miyake, 1999), lan-
guage processing (Novick etal., 2005), self-regulatory behavior
(Hofmann etal., 2012), and scholastic achievement (Duncan
etal., 2007; Alloway and Alloway, 2010). Further, deficits in EC
and WM abilities are prevalent in a host of clinical syndromes
and psychopathologies including attention deficit hyperactivity
disorder (ADHD; Shah etal., 2012), depression (Christopher
and MacDonald, 2005), and addiction (Khurana etal., 2013);
it is also among the core domains susceptible to age-related
decline (Braver and West, 2007). In sum, EC is relevant to
common assessments of achievement, is sensitive to develop-
mental changes, and many populations suffer from deficits in
EC. Given the importance of these abilities to daily life, there
has been growing research interest in training paradigms tar-
geting EC abilities with the aim of boosting the improvement
(and forestalling the decline) of other complex cognitive skills
that rely on EC. Despite the growing literature, there is still
a need to understand for whom and at what stages of devel-
opment EC interventions work best, and also to understand
better the cortical mechanisms that underlie training and transfer
effects.

The purpose of this paper is to evaluate the current state of the
intervention field focusing on selected developmental populations
that demonstrate the potential for greater brain plasticity. Because
these populations typically demonstrate exaggeratedly poor abil-
ities to control cognition, they may be candidates who are most
amenable to receiving maximal transfer benefits. We will review
the current work on the neural correlates of training, and suggest
methodological directions that may inform a better understand-
ing of the neural mechanisms underlying EC performance. We
will outline the current literature on interventions targeting EC
(though we note that occasionally different terminology is used
to refer to these interventions, including attentional control, and
WM), placing a particular emphasis on at-risk populations (e.g.,
ADHD and low-socioeconomic status; low-SES) that demonstrate
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performance differences in these domains relative to healthy, adult
groups. Such variation suggests that these special groups might
be candidates for interventions that seek to improve EC abilities
through experience-based plasticity (i.e., an interaction of bio-
logical and environmental factors that results in structural and
functional changes in brain morphology, as well as concomitant
cognitive changes). Much of the current knowledge concerning
the malleability of EC comes from the growing body of litera-
ture demonstrating that EC can be trained in healthy populations
through extensive practice, and that improved performance over
the course of training can generalize to novel tasks that were
not part of the training regimen. Across a range of different EC
tasks, examples of observed transfer benefits include tasks tap-
ping fluid reasoning (Jaeggi etal., 2008), WM updating (Dahlin
etal.,2008), task switching (Karbach and Kray, 2009), visual search
(Kunduetal.,2013), and language processing (Novick et al., 2014).
Although there is little debate as to whether performance on EC
tasks can be improved, there is considerable debate around the
transferability to novel, untrained tasks (e.g., Redick etal., 2012;
Sprenger etal., 2013; Thompson etal., 2013). Transferability is
critical to adjudicating between whether EC skills per se are affected
during training versus whether people simply develop task-specific
strategies. One potential explanation for these mixed findings may
lie in individual differences in the training-transfer relationship,
as well as in the strength of the linking assumptions that tie train-
ing and transfer tasks together in terms of shared mechanisms
(Jaeggi etal., 2010, 2014). As such, a key assumption of the train-
ing literature is that these kinds of transfer benefits can occur
when there is cognitive and/or neural overlap between the pro-
cesses tapped in both training and transfer, irrespective of domain
(Dahlin etal., 2008). This overlap is termed process-specificity:
if a certain component of EC — e.g., updating— is targeted and
improved over the course of training, then transfer tasks that also
rely on updating processes should also be affected, even if the
task itself appears superficially different (say, in terms of stimuli
characteristics).

To inform our discussion, we reviewed the literature on EC
interventions in children and adults and then sorted the papers
by population (i.e., healthy versus at-risk children), and by mode
of outcome measure (behavioral and/or neural). For the selected
developmental populations, when necessary, we consulted reviews
on each separate topic, integrating relevant information from
those reviews into our own.

This paper is organized into two parts. In Part I, we discuss
the development and neurobiology of EC, followed by an exam-
ination of experiences that can affect the development of EC in
both negative (e.g., stress, low-SES) and positive (e.g., school-
ing, music education, martial arts) ways. We then review the
training literature involving “at-risk” groups, focusing particularly
on low-SES and ADHD, and the effectiveness of certain kinds of
EC interventions, guided by an understanding of the factors that
positively influence EC. This field is new, and consequently the
results are still inconclusive. Note that for the purpose of this
review, we will focus on select developmental groups, and we
will not review ongoing EC intervention work that targets older
adults or adults with psychopathologies, but rather, we refer the
readers to other recent reviews on those topics (Kueider et al., 2012;

Vinogradov etal., 2012; Wiers etal., 2013). In Part II, we briefly
review the neuroimaging intervention literature in healthy popu-
lations to guide future training studies involving populations that
are likely to demonstrate poor EC. The early state of this enter-
prise, however, suggests major inconsistencies: no clear picture
emerges in terms of brain activity changes and reorganization
post-training. This discrepancy renders it difficult to draw gen-
eralizable conclusions, but the field is emerging rapidly, requiring
evaluation of the current state of affairs. Moreover, neuroimaging
studies of clinical or at-risk groups in the context of intervention
research are likely to be even more complicated and problematic,
especially when considering atypical behavioral and neural pro-
files. We therefore suggest some candidate neuroimaging analyses
(i.e., connectivity and multivariate approaches) that emphasize
the ability to examine spatial and temporal patterns in terms of
network dynamics, which can reveal a delicate interplay across
brain regions and systems. Such methods have the potential to
be more informative relative to traditional univariate approaches
that test for pre/post activation differences within cortical patches
in isolation.

PART I

THE DEVELOPMENT OF EC AND ITS NEURAL SUBSTRATES

Executive control has long been associated with the PFC (Shi-
mamura, 2000; Miller and Cohen, 2001), which is among
the last cortical regions to fully develop: EC abilities undergo
protracted maturation over the course of childhood and ado-
lescence (Thompson-Schill etal., 2009). Moreover, the litera-
ture on neuroanatomical development across the whole brain
points to dynamic changes that occur postnatally and through-
out childhood, with initially undifferentiated regions becoming
increasingly functionally specialized (Oliver etal., 2000). This
development can occur at different rates: for instance, frontal
brain regions undergo change up to age 25, with some fron-
totemporal tracts not reaching maturity until age 28. Relatively
undifferentiated cortical regions co-occur with earlier (rather
than later) development, providi