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ScienceDirect
Executive functions are involved in the development of

academic skills and are critical for functioning in school

settings. The relevance of executive functions to education

begins early and continues throughout development, with clear

impact on achievement. Diverse efforts increasingly suggest

ways in which facilitating development of executive function

may be used to improve academic performance. Such

interventions seek to alter the trajectory of executive

development, which exhibits a protracted course of maturation

that stretches into young adulthood. As such, it may be useful

to understand how the executive system develops normally

and abnormally in order to tailor interventions within

educational settings. Here we review recent work investigating

the neural basis for executive development during childhood

and adolescence.
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Introduction
Executive function (EF) is a broad category of cognition,

including cognitive control, sustained attention, inhibi-

tion, error monitoring, and working memory. Unlike other

cognitive domains, the executive system undergoes a

protracted period of development that extends into young

adulthood. Behavioral studies have suggested that differ-

ent domains of EF may develop at different rates during

this time [1]. These processes are necessary for the

normal development of nearly all academic areas includ-

ing math [2,3�] and language [3�] skills. The importance

of early EF capacity to academic achievement begins as

early as preschool [4] and continues throughout adoles-

cence [5]. As such, there has been much interest in

methods to facilitate the development of EFs in school
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settings in an effort to improve academic performance.

Accordingly, an understanding of the neural basis of the

executive system’s development could help target

interventions to facilitate the development of executive

function.

Here we review the existing literature regarding brain

systems implicated in the development of the executive

system and its significance for academic achievement. We

first describe recent behavioral and neuroimaging studies

regarding the maturation of the executive system from

childhood through adolescence. Second, we describe

moderating factors that have been shown to affect the

course of executive development. Third, we review stud-

ies documenting executive dysfunction in neuropsychi-

atric disorders, which often begin in adolescence and are

associated with poor educational outcomes [6]. Finally,

we present examples of educational interventions that

have been proposed as ways of facilitating EF develop-

ment.

Normative development of executive function:
behavioral studies
Childhood and adolescence are periods of rapid develop-

ment of EF. Dajani and Uddin [7] note that different

domains of EF develop at various times during develop-

ment: inhibition and attentional control emerge and

develop in early childhood, information processing abili-

ties improve in mid-childhood, while cognitive flexibility

and goal setting continue to develop into adolescence.

For instance, a longitudinal study of young children

charting trajectories of inhibitory control and cognitive

flexibility found that these processes developed most

rapidly during 3–4 years of age [1]. Though cognitive

flexibility develops more slowly than inhibitory control

[1], age-related improvements in inhibition have been

observed through mid-childhood [8]. Attention and work-

ing memory (WM) are additional domains of EF that

continue to mature throughout adolescence, while other

cognitive domains such as spatial memory and verbal

memory do not [9].

Normative development of executive function:
neuroimaging studies
Though it is clear from behavioral studies that EF

matures during childhood and adolescence, neuroimaging

studies provide information regarding how neurodevelop-

mental processes may underlie the improvement in per-

formance. Studies of brain structure, function, and

connectivity provide complementary evidence regarding
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maturation of the executive system. Structural brain

imaging studies indicate that grey matter volume

increases during childhood and subsequently declines

during adolescence, whereas white matter volumes in-

crease throughout development [10]. However, the tra-

jectory of development may be more important in

predicting intelligence and EF than cross-sectional mea-

surements [11]. For example, the correlation between

prefrontal cortical thickness and IQ is negative in early

childhood but becomes positive in late childhood through

early adulthood. Additionally, the trajectory of these

changes in cortical thickness is more reflective of IQ than

cortical thickness itself [11].

More recent studies have examined how changes in

cortical thickness of specific brain regions correlate with

EF. For example, in healthy older children, cortical grey

matter thinning in the inferior frontal gyrus and anterior

cingulate cortex is associated with age-related improve-

ments in cognitive control, while thinning in the superior

parietal cortex is associated with improvements in work-

ing memory [12]. In contrast, a longitudinal study showed

that increased rate of cortical thinning in medial cortical

regions during development is associated with more

executive deficits in adulthood [13�].

While age is strongly related to changes in brain structure,

this relationship is less robust for functional measures of

executive function. In young children, age was found to

be correlated with increased lateral PFC recruitment

during a working memory task [14��]. In addition, cogni-

tive control studies have shown that children with good

task performance recruit different prefrontal regions than

adults [15]. However, age effects on task-induced activa-

tion of executive regions during sustained attention and

inhibition are not completely consistent [16–18]. Cogni-

tive control studies have shown that there is a shift from

diffuse to focal patterns of activation during develop-

ment, with increased activation in regions necessary for

effective task performance [19,20].

More recently, a large study of 951 youths showed that

increased activation of executive regions and reciprocal

deactivation of default mode network (DMN) regions

underlie the improvements in WM seen during adoles-

cence (see Figure 1). Executive activation and DMN de-

activation was more strongly correlated with WM perfor-

mance than chronological age [21��], suggesting that

executive development may be understood as a process

of functional (rather than chronologic) maturation. Nota-

bly, multivariate pattern regression demonstrated that

while both executive activation and DMN de-activation

could be used to predict performance, maximum accuracy

required integration of features from both networks.

Studies of resting-state functional connectivity provide

evidence regarding the development of interacting
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functional networks, which support EF. Both cross-sec-

tional [22] and longitudinal studies [23] demonstrate that

correlations among regions within the DMN are weak in

childhood but become stronger with age. Furthermore, a

recent study in a large cohort of youth found that the

DMN’s role as a ‘cohesive connector’ system within the

functional connectome increased with age, and was cor-

related with cognitive performance [24�]. This finding

contrasts with a longitudinal study in young adolescents,

which found weaker between network correlations be-

tween the central executive network and the DMN with

age [23]. The divergence of these findings may be due to

the different edge measures used for the network anal-

yses of the two studies: wavelet coherence was used as an

edge measure in Gu et al. [24�], which quantifies highly

related, but out-of-phase (anti-correlated) signals as

strongly connected, and all values range from 0 to 1. This

contrasts with the commonly-used Pearson’s correlation

(as in [23]), where out-of-phase signals will be repre-

sented with negative values.

Such developmental changes in resting-state connectivity

have been associated with EF capacity. Hyper-connec-

tivity within the DMN and cingulo-opercular network are

seen in children with executive deficits [25]. Greater anti-

correlation between the DMN and lateral frontal cortex is

associated with better inhibitory performance in children

[25], but the relationship between inhibition and strength

of anti-correlation between the task-positive executive

system and DMN is also stronger in adults than in

children [26��]. These studies support the idea that the

development of functional network topology contributes

to the maturation of EF during this critical period.

Moderating factors
Development of EF is influenced by several factors

including sex and socioeconomic status (SES). Females

demonstrate better working memory and attention from

childhood through adolescence [9], though males show

more improvement in these domains during adolescence

[27]. In contrast, males show better processing speed at

the beginning of adolescence but improve less [27]. SES

also affects multiple domains of EF, including sustained

attention and inhibition [27]. Inhibitory control and cog-

nitive flexibility develop more slowly in preschool-aged

children with less access to learning resources [1]. In

contrast to findings from behavioral studies, a longitudinal

neuroimaging study found an interactive effect of SES

and sex on both behavior and brain function, but no effect

of SES or sex alone [28�]. Sex differences in EF that are

present before puberty have been attributed to organiza-

tional effects of exposure to gonadal hormones in early

development on emerging neural circuits, whereas sex

differences that first appear during puberty may be due to

activational effects of differences in gonadal steroid levels

associated with puberty [29].
www.sciencedirect.com
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Figure 1
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Brain response to WM load is more significantly related to WM performance than subject age. In a sample of 951 youths ages 8–22 imaged as

part of the Philadelphia Neurodevelopmental Cohort using a fractal version of the n-back working memory task, working memory load was

associated with executive activation and reciprocal de-activation of non-executive regions including the default mode network (DMN). This pattern

of activation was weakly associated with chronological age (a), but strongly associated with WM performance (b). The complex multivariate

pattern of brain response could be used to predict WM performance with a relatively high degree of accuracy using a cross-validated multivariate

pattern regression (c), which included features from both the executive and default mode system (d). Notably, while both executive and non-

executive regions could predict WM performance, maximally accurate predictions required the combined feature set which spanned both

networks (e). All data from Satterthwaite et al. [21��].
Relevance for psychopathology
Executive deficits are present in a wide range psychiatric

disorders affecting children and adolescents including

attention deficit hyperactivity disorder (ADHD) [30],

conduct disorder [31], substance use disorders [32], and

psychotic disorders [33,34]. Consequences of executive

deficits during childhood and adolescence include de-

creased academic achievement, social isolation, low self-

esteem, and risk-taking behavior [35]. Individuals with

these disorders are thus most likely to benefit from

educational interventions aimed at improving EF. There-

fore, understanding how psychopathology is related to

failures of executive development is critical.

Recent behavioral studies in neuropsychiatric disorders

have examined how executive dysfunction impacts
www.sciencedirect.com 
academic and social aspects of school performance, with

most evidence accumulating in ADHD and substance use

disorders. Developmental trajectories in adolescents with

ADHD compared to healthy individuals are delayed for

inhibition and shifting but similar for WM and planning

[36]. In youths with ADHD, those with worse EF have

more problems with academic performance and peer

interactions [37]. Additionally, poor EF in adolescence

is associated with early and greater use of alcohol and

other substances [32].

Many neuroimaging studies have examined the rela-

tionship between executive system dysfunction and

neuropsychiatric disorders during development. Case–
control studies often attribute dysfunction of executive

regions such as the dorsolateral prefrontal cortex,
Current Opinion in Behavioral Sciences 2016, 10:7–13
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Figure 2
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Psychopathology is associated with common and dissociable patterns of executive dysfunction. In a sample of 1,129 youths imaged as part of the

Philadelphia Neurodevelopmental Cohort, a bi-factor analysis identified common and divergent dimensions of psychopathology across categorical

screening diagnoses (a). When these dimensions of psychopathology were related to activation during a fractal version of the n-back working

memory task, overall psychopathology across categorical screening diagnoses was associated with hypo-activation of the executive system (b),

whereas anxious-misery symptoms (depression, anxiety) were associated with elevated activation of the executive system (c). All data from

Shanmugan et al. [41��].
anterior cingulate, and anterior insula to disorders such

as ADHD [38], schizophrenia [39], and conduct disorder

[40]. However, a recent study of 1,129 youths with

diverse psychopathology found that overall psychopa-

thology (as measured using a bi-factor model, Figure 2a)

is associated with reduced recruitment of the executive

network (Figure 2b) [41��]. Such functional data is

convergent with recent evidence demonstrating grey

matter loss in similar regions across several disorders
Current Opinion in Behavioral Sciences 2016, 10:7–13 
that exhibit executive deficits [42��]. In contrast, anx-

ious-misery symptoms are associated with widespread

hyper-activation of the executive network (Figure 2c)

[41��], suggesting that there are both common and

dissociable deficits in executive system recruitment

among neuropsychiatric disorders. Taken together,

these studies emphasize the degree to which failures

of executive function are a central feature of diverse

psychopathology that often emerge in school-age
www.sciencedirect.com
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children and adolescents, and frequently present as

difficulties within educational environments.

Educational interventions
Understanding executive development and the factors

that moderate it are important for developing interven-

tions to improve it. Cognitive remediation has been

shown to significantly improve multiple executive

domains in patients with schizophrenia [43] and ADHD

[44]. These improvements in EF are correlated with

changes in brain activation such that cognitive remedia-

tion diminishes the degree of hypoactivation observed in

psychosis [45]. However, the majority of recent studies

proposing educational interventions that would improve

EF, such as music and physical education classes, do not

include a neuroimaging component, and thus brain-based

data are limited. Two recent exceptions include one

study that demonstrated improved EF and increased

task-induced prefrontal activation in healthy young adults

following exercise [46��]. Another recent study suggested

that musically trained children exhibit better verbal flu-

ency and processing speed as well as increased activation

of executive regions [47]. While cognitive training [48],

neurofeedback training [49], and mindfulness training

[50] are additional methods that have shown early posi-

tive results in improving executive deficits, the impact of

these interventions on brain function has not yet been

evaluated. Given the paucity of studies in this area, it is

clear that more work is needed to understand how pro-

posed educational interventions may impact EF at a

neural level.

Limitations of current research
While much progress has been made regarding our un-

derstanding of executive system development, there are

several limitations that should be noted. First, many of

the studies investigating EF in development are cross-

sectional, and thus are unable to delineate the longitu-

dinal developmental trajectory of EF. While cross-sec-

tional studies are often the basis of longitudinal

inferences regarding development, factors such as the

selection of time points, trajectory of developmental

process, and test–retest reliability of methods employed

affect the extent to which cross-sectional findings accu-

rately represent longitudinal processes [51]. Many of the

few longitudinal neuroimaging studies suffer from rela-

tively small sample sizes or relatively brief longitudinal

follow-up. Furthermore, existing work has used a variety

of tasks to probe EF, and results may not be generalizable

across tasks or executive domains. Additionally, task

difficulty likely decreases with age, and the strategies

used to perform such tasks evolve during development

[7], limiting the ability to similarly probe EF across age

groups.

Similarly, few studies evaluate the impact of educational

interventions on brain measures of EF. As such, it is not
www.sciencedirect.com 
known how such interventions lead to improvements in

EF or whether they produce lasting neural changes that

affect the course of executive system development.

Additionally, methods of assessing EF and task para-

digms vary across studies, limiting replication of existing

results.

Future directions
Studies reviewed here emphasize that EF undergoes an

extended maturational period throughout childhood and

young adulthood. It is clear from both behavioral and

neuroimaging studies that different domains of EF ex-

hibit different developmental trajectories. However,

charting these trajectories remains incomplete. Large

longitudinal neuroimaging studies that consistently ac-

count for factors that would affect the course of develop-

ment are necessary in determining how the executive

system develops normally and abnormally in association

with performance deficits. Determining the normal de-

velopmental trajectory of the executive system is a nec-

essary step in identifying both abnormal development in

youth at risk for poor outcomes as well as critical periods

where interventions might be most effective. Notably,

the adolescent brain cognitive development (ABCD)

initiative will provide detailed cognitive and clinical

phenotyping in concert with longitudinal multi-modal

neuroimaging on a large cohort of 10,000 youth followed

over 10 years. This landmark study has the potential to

provide data that may transform our understanding re-

garding how the executive system develops during youth.

Additionally, it is evident that there are several factors

that moderate the development of EFs. Preliminary

studies indicate cognitive remediation [43,44], cognitive

training [48], music classes [47], and physical education

[46��] may be ways to improve EF during development.

However, more information regarding their impact and

mode of action are needed before these factors can be

used to inform the implementation of educational strate-

gies that can facilitate EF development. For example,

while several studies have identified factors that correlate

with better or worse EF, the optimal time periods for

implementation remain unclear. Similarly, the mecha-

nisms by which educational interventions exert their

effects are yet to be determined. Incorporating brain-

based measurements within such studies may be an

important step in understanding the mechanisms of inter-

ventions that have the potential to produce long-term

benefits for academic achievement.
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