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Abstract 

Since the discovery that patients with damage to the prefrontal cortex show similar deficits in 

cognitive control as young children, the prefrontal cortex model of cognitive control 

development has been a popular description of how cognitive control emerges over time. In 

this review, we show that many studies support this model, but also that more specific models 

of prefrontal cortex development can be formulated, according to the functional roles of 

subregions and by taking into account the distinctions within ventral-dorsal and lateral-medial 

prefrontal cortex. Here we show that functional development of dorsal lateral prefrontal 

cortex supports the development of deliberative processes, whereas medial prefrontal cortex 

supports the development of internalized decisions. These new conceptualizations may 

provide better descriptions of the complexity of cognitive control development.  

 

The prefrontal cortex hypothesis of cognitive control development 

Cognitive control refers to the ability to control our thoughts and actions for the purpose of 

future goals. In the last decades, a wealth of findings has shown that the ability to exert 

cognitive control increases from early childhood to late adolescence [1, 2]. These 

improvements can be observed across a range of tasks, such as working memory, inhibition 

and making complex decisions between options varying in their associated costs and benefits 

[2, 3]. A key question is how different cognitive control functions develop with respect to one 

another. For example, using latent class models it was observed that working memory shows 

a more protracted developmental time course than cognitive switching and inhibition [4]. 

Recent studies in the field of cognitive neuroscience have made important progress in 

understanding how cognitive control functions rely on overlapping and different neural 

regions and processes.  
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Ever since the discovery that patients with damage to the prefrontal cortex show deficits in 

cognitive control [5, 6], many theoretical models have suggested that cognitive control 

development may be closely tied to the development of the prefrontal cortex [1, 7, 8]. 

Subsequent and increasingly refined models have taken the heterogeneity of the prefrontal 

cortex into account and suggest that the developmental time course of separable cognitive 

control functions are possibly related to maturation of subregions of the prefrontal cortex [9]. 

This hypothesis was tested more directly in recent years with the rise of in vivo brain imaging 

methods including fMRI [10, 11], which have consistently shown that the prefrontal cortex is 

important for cognitive control in adults [12-14] and were applied to the understanding of the 

neural basis of cognitive control development in children and adolescents.  

 

Developmental neuroimaging studies have initially focused on mapping single cognitive 

control functions to the maturation of specific areas within the prefrontal cortex. For example, 

a large literature on working memory development has demonstrated that increases in 

working memory performance during adolescent development are related to stronger 

recruitment of the dorsal and ventral lateral prefrontal cortex [15-17]. Inhibitory control is 

also often mapped to increased activity in the prefrontal cortex with increasing age [18, 19]. 

Furthermore, error monitoring was linked to increased activity in the anterior cingulate cortex 

[20, 21]. Taken together, a large body of literature points to developmental changes in neural 

recruitment of the prefrontal cortex, consistent with the hypothesis of a functional role of 

protracted prefrontal cortex maturation in the development of cognitive control.  

 

However, the complexity of these neurodevelopmental patterns is highlighted by the 

heterogeneous responses elicited by variations in tasks and approaches across studies and how 

these inform us about the significance for performance. For example, whereas some studies 
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report increased activations with age in specific regions, others find age-related decreases in 

activations in other regions [22-24], and it is currently not clear how this is mapped to 

performance changes. One of the largest studies in the developmental neuroimaging literature 

tested how developmental progressions in working memory updating performance related to 

neural activity in dorsolateral prefrontal cortex (n=951, ages 8-22-years). This study reported 

that activity increase in dorsolateral prefrontal cortex mediated the relation between age and 

performance, explaining 38% of the shared variance of age and performance [15]. Many 

studies have confirmed that neural activity increases are related to performance improvements 

across the domains of working memory [17], inhibition [25], feedback learning [26] and delay 

of gratification [27, 28]. However, also studies reporting age-related decreases in neural 

activity linked these to behaviour progressions [24], showing that both decreases and 

increases can be meaningfully linked to developmental changes in cognitive control. So far, 

there is little systematic review of what this could mean. Children may be using different 

strategies compared to adults, which is associated with different patterns of neural activity. In 

this review we suggest that new conceptualizations of cognitive control and mapping these to 

subregions within prefrontal cortex may inform us about the way that different types of 

cognitive control are developing.  

 

This review will provide two perspectives on cognitive control development each offering 

several interpretations of the current literature of how constructs of cognitive control are 

represented in the human brain. These perspective comprise the distinctions of (1) basic, 

stimulus-driven versus complex, deliberative cognitive control functions [29, 30], and (2) 

rule-based versus internalized cognitive control [31, 32]. These are discussed with view to, 

providing a starting point for a better understanding of cognitive control development (see 

Figure 1). Both perspectives take the complexity of cognitive control as a multifaceted 
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construct into account, and make separable predictions about the patterns of change over 

development, although it should be noted that these are not complete dichotomies and some 

overlap will exist between the concepts. It will emerge that these conceptualizations constitute 

a powerful approach to synthesize divergent patterns of results into a potentially unifying 

theoretical framework. 

  

A hierarchical representation (basic to complex) of cognitive control 

Researchers often conceptualize cognitive control by dividing it into several subprocesses [33, 

34]. This approach is based on the assumption that cognitive control is an umbrella term for 

several different executive functions. The basic executive functions consist of working 

memory, inhibition, cognitive flexibility and error monitoring [1], which are thought to be 

supported by different underlying neural regions within the prefrontal cortex, and each have 

separate developmental time courses [9]. These processes need to work well in concert and 

thereby contribute to performance on more complex cognitive control tasks [29]. Complex 

executive function tasks rely more on deliberative processes than basic, stimulus-driven 

processes. Deliberative cognitive control refers to processes that are potentially prone to 

strategy use (i.e. working memory manipulation, emotion regulation and feedback learning) 

[35].   

 

Research to date has focused mainly on the developmental time course of basic and complex 

cognitive control functions separately. Working memory is often studied using delay or span 

tasks, and these studies consistently report improvements in performance until late 

adolescence [36], especially for tasks that require updating [37]. For response inhibition 

(go/nogo tasks and stop-signal inhibition tasks) or interference control tasks (flanker or Simon 

tasks), improvements are reported during childhood, but no large additional improvements are 
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observed during adolescence [4, 38]. Cognitive flexibility is often examined using task-

switching paradigms, which report improvements until early adolescence [4, 39]. Finally, 

error monitoring is an internal process that does not result in immediate behavioural output, 

but studies have examined post-error slowing as an index of the maturation of error 

monitoring. Studies report that already young children (from the age of 7 years) show 

evidence for post error slowing [40]. Other studies reported developmental decreases in post-

error slowing suggesting more efficient error monitoring as children get older [41].  

 

Using the unity and diversity model suggested by Miyake et al. (2000), it has been tested if 

latent variables derived from a battery of basic executive function tasks predicted 

performance on more complex cognitive control tasks that rely on a mixture of basic 

executive functions, such as performance on the Wisconsin Card Sorting Task (WCST) or the 

Tower of London Task (ToL). Indeed, there was some evidence that the development of 

working memory contributed to performance on the WCST and the development of 

interference control contributed to performance on the ToL [4, 42-44]. It should be noted that 

the unity versus diversity model is focused primarily on cognitive functions, and devotes less 

attention to affective control processes. Prior studies have suggested that cognitive and 

affective components of cognitive control have dissociable developmental trajectories [2], and 

that basic executive functions such as inhibition also contribute to complex tasks, such as 

economic decision-making, like delay discounting [28].  

 

What are the implications for the basic-complex distinction for understanding the neural 

development that supports cognitive control development? One assumption based on the 

behavioural data is that neural activity in brain regions that are typically associated with the 

basic executive functions (working memory, inhibition, cognitive flexibility, error 
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monitoring) in adults should show increases in recruitment, as children get older. Prior 

research in adults points to a role of the ventral and dorsal lateral prefrontal cortex supporting 

working memory performance [14]. Inhibitory control is often linked to the right inferior 

frontal gyrus and dorsolateral prefrontal cortex based on patient research and functional 

neuroimaging studies [13, 45] (but see [46] for recent debates on the precise locus of 

inhibitory control). Finally, cognitive flexibility is mostly related to activity in the pre-SMA 

and the inferior frontal junction [47, 48] and error monitoring to the anterior cingulate cortex 

[49].  

 

Developmental studies have subsequently tested if these regions show protracted functional 

maturation over child and adolescent development.  Developmental fMRI studies show most 

consistent patterns for working memory development. Especially working memory updating 

has been consistently related to increases in dorsolateral prefrontal cortex across studies over 

the whole period of adolescence [15, 17, 50-53]. Likewise, there are consistent findings for 

error monitoring showing developmental increases in activity in the anterior cingulate cortex 

and medial frontal cortex especially between childhood and early adolescence [20, 21, 40]. 

Less consistency is observed in studies that examined the development of response inhibition 

and switching, both in the direction (i.e. age-related increases and decreases) as well as the 

regions involved (e.g. [20, 22, 54, 55]. Possibly younger children call upon more diverse 

processes to perform well on these tasks.  

 

The second assumption of the basic-complex model is that improvements on complex 

cognitive control tasks rely on the same regions as the basic executive functions that underlie 

these complex processes, and that there is a larger concomitant increase between prefrontal 

cortex regions as children grow up. Given the variability in the developmental findings on the 
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basic executive function tasks, it is difficult to relate these directly to activity on more 

complex cognitive control tasks. Nonetheless, the general pattern suggests that neural activity 

on more complex cognitive control tasks are showing age related increases in multiple 

prefrontal cortex regions. These developmental increases were observed in research using 

feedback-learning task (mirroring the WCST) [26, 56], relational reasoning [57, 58], delay of 

gratification [27, 28, 59], and emotion regulation [60, 61].  

 

 We visualized the developmental progressions in cognitive according to this distinction. 

Figure 2- top panel presents a categorization of cognitive control processes in terms of basic 

and complex deliberative processes. Both behavioral and neural studies report that 

deliberative processes have a more protracted developmental trajectory than basic cognitive 

control processes. Developmental improvements for response inhibition [4], task switching 

[39], error monitoring and probability updating [62] are typically observed until late 

childhood/ early adolescence. In contrast, developmental improvements in working memory 

manipulation [36, 63], delay discounting [64], emotion regulation [61] and feedback learning 

[63] are observed over the whole period of adolescence up to early adulthood.  

 

Some studies also show decreases with increasing age, mostly in dorsal regions, and mostly 

for basic processes such as response inhibition and working memory maintenance [19, 22, 23, 

54]. Possibly, this indicates that young children use additional strategies in basic tasks more 

often than adults (i.e. recruit dorsal regions associated with deliberative processes for a 

stimulus-driven task), to compensate for potential capacity limitations. Alternatively, a new 

conceptualization in how cognitive control can be divided in subprocesses may help in 

understanding the developmental time courses of these functions.  
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Rule-based versus internalized cognitive control 

An alternative way, in which cognitive control processes can be distinguished, is according to 

the extent to which the processes are rule-based or internalized decision processes. With rule-

based, we refer to the cognitive processes that rely on specific predefined rules or instructions. 

In contrast, internalized processes refer to those decisions where there is no specific 

instruction, and choices are based on internal deliberations. Examples of internal deliberations 

are ‘deciding to restrain from acting on impulses’ (i.e. safe decision-making, delay of 

gratification), or ‘updating values based on prior experiences’ (prediction updating, error 

monitoring). Several theoretical models based on brain imaging data in adults show that rule-

based cognitive control relies on lateral prefrontal regions, whereas internalized control relies 

on medial regions, as recruited by intentional decisions [32], tracking motivation of others 

[65] or internal processing of emotions [30]. It is assumed that, for example, the medial 

frontal cortex (specifically the dorsal anterior cingulate cortex) monitors our environment for 

task difficulty, and signals the lateral prefrontal cortex when control needs to be exerted [31]. 

 

Following this lateral-medial distinction, Figure 2-lower panel presents a categorization of 

cognitive control processes in terms of rule-based and internalized processes. Whereas rule-

based processes are associated with developmental increases in both medial and lateral 

regions of prefrontal cortex, internalized processes are associated with changes mainly in 

medial regions of the brain. Interestingly, the studies that report age-related changes in neural 

activity in lateral regions, only report this for connectivity findings (circles in Figure 2). The 

changes in connectivity are related to connectivity with ventral medial prefrontal cortex [28], 

and the ventral striatum [27, 59]. Thus, similar to the basic and complex/deliberative 

distinction, there appears to be an early functional specialisation in prefrontal cortical areas to 

support processes of rule-based and internalized cognitive control albeit on a gradient from 
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lateral to medial regions. Both rule-based and internalized cognitive control processes show 

developmental changes over time on behavioural tasks, such as protracted development of 

both rule-based working memory manipulation [36, 66] and internalizing delay discounting 

[64] or giving trust [67], but these behavioural patterns are possibly associated with the 

maturation of different regions within the prefrontal cortex.  

 

The distinction between dorsal and ventral medial prefrontal cortex deserves additional 

attention. Cognitive control processes that are associated with changes in dorsal medial 

prefrontal cortex consistently show increases in activity related to trust [68], delay of 

gratification [69], and error monitoring [20, 21]. However, age related changes in ventral 

medial prefrontal cortex show a less consistent pattern. There, age related increases are 

observed in activity and connectivity for updating of decision-making parameters [70-72] and 

delay of gratification choices [28, 59]. However, some studies also report age-related 

decreases in neural activity, specifically decreases are observed for trust [68], reciprocity [73], 

refraining for risk taking [74] and positive prediction errors [75].  

 

It has recently been argued that vmPFC supports highly complex functions such as valuation, 

affect regulation and social cognition [76]. Given that the studies reporting both increases and 

decreases in activity (delay discounting, trust, feedback updating) used paradigms that are 

related to social and affective cognitive control, this possibly indicates that ventral medial 

PFC is in some cases more active in adolescent participants because these signals have 

different personal value for them [77]. Social-affective learning signals may be more 

significant for children and young adolescents, whereas cognitive-affective learning signals 

are possibly more significant for older adolescents and adults [78].  
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Connectivity and functional specialisation of prefrontal cortical regions  

It would be simplistic to assume that there is a general maturational pattern, driven by a 

predetermined maturational time course across childhood and adolescence, of such a large 

and heterogeneous brain area as the prefrontal cortex. Behavioural developmental studies also 

consistently show that not all cognitive control functions develop with the same pace. It is 

more likely that developmental changes, especially in higher-level cognitive skills, result 

from interactive specialization within the prefrontal cortex and its connections to other 

regions in the brain [79]. There is, therefore, a need for a better conceptual understanding of 

how cognitive control development is associated with functional changes in the prefrontal 

cortex and collaborating brain regions. 

 

Several studies have made use of advanced data driven methods to discover meaningful 

connectivity patterns in the developing brain [80, 81]. Dosenbach et al. introduced this 

analysis based on resting state connectivity patterns [82, 83]. They distinguished between a 

network that was defined as the cingular-opercular network, and a network that was defined 

as the frontal-parietal network. These networks were associated with set maintenance and 

control adjustment respectively, which builds upon the idea that the medial frontal cortex 

monitors for internalized task processes and sends signals to the lateral prefrontal cortex to 

signal task adjustment [31]. Using advanced resting state connectivity analyses (including 

graph theory and hierarchical clustering, and using independent component analyses), 

Dosenbach et al. report support for this distinction, but argue that these regions are hubs in 

much larger network involved in the maintenance of task-set and the adjustment of control. 

Interestingly, the network analyses show differential development of set-maintenance 

networks and task adjustment networks. Our review suggests that the development of 
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functional distinctions in the prefrontal cortex in response to cognitive control tasks differing 

in the extent to which they draw on rule-based vs internalized processes is already present at 

least in middle childhood and undergoes further functional refinement with age.  

 

Future directions 

The goal of this review was to explore new ways of categorizing developmental progressions 

in cognitive control during childhood and adolescence. We argued that neural activity patterns 

provide insight into how children and adolescents perform tasks, and thereby inform the 

formulation of more sophisticated models of cognitive control development.  

 

By starting out with the basic-complex model [29, 43, 44], we showed that behavioural 

performance on tasks that rely on complex deliberative processing has a more protracted 

development than basic stimulus-driven performance. This pattern was associated with a more 

protracted development of dorsal lateral prefrontal cortex in terms of activity, structure and 

connectivity to other regions in the cortex.  Interestingly, patterns were most consistent (i.e. 

showing consistent increases over the whole course of childhood and adolescence) when the 

tasks relied on complex deliberative processes, whereas tasks that relied on basic, stimulus-

driven processes showed a more complex pattern of increases and decreases in different 

regions in prefrontal cortex. One possibility is that younger children employ compensatory 

strategies when they perform stimulus-driven tasks. Basic stimulus-driven tasks may require 

more strategy compensation than previously believed.  

 

Additionally, there was convincing evidence for a distinction between rule-based and 

internalized decision processes, such that especially internalized decision processes were 

associated with activity changes in medial prefrontal cortex. The lateral-medial distinction 
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only recently received more attention in developmental cognitive neuroscience, with reviews 

focusing on internalized inhibition processes [84] and mentalizing processes [85]. This will 

prove to be a fruitful avenue to explore in future, especially given that the patterns of 

increases and decreases in ventral medial prefrontal cortex show the most protracted time 

courses and task-dependent patterns of change. It is likely that this is associated with the 

connections that this area has with subcortical brain regions, which show dramatic changes 

during adolescence [86].  

 

A challenging but critical task for the future will be to decompose executive functions to 

understand their developmental time courses, but also to understand how children and 

adolescents are capable of combining these skills to predict high stake behaviours such as 

performing well in school, planning their future, and developing meaningful social 

relationships.  
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Text box 1: On the significance of neural activation for behaviour 

An interesting question concerns the issue of developmental change in neural activity that is 

unrelated to task performance. For example, several studies report additional change in neural 

activity related to age, while keeping performance constant [87] or when accounting for 

performance [88]. One possibility is that these neural activities represent a certain readiness 

for change. For example, even when a child is performing at level x, this child may be more 

likely to make the transition soon to progress to level x+1 compared to another child who also 

performs at level x (see Figure 3). This idea of readiness is well conceptualized in the 

developmental psychology literature that describes children’s task performance in the 

overlapping waves theory. This theoretical framework shows that children may have several 

strategies available and differ in the strategy that they use [89, 90]. Possibly, children who 

show stronger neural activity during task performance may have more strategies available, or 

may be more likely to progress to the next (more advanced) strategy soon, despite showing 

currently similar performance levels as children who have fewer strategies available. Some 

evidence for this assumption comes from longitudinal studies that show that stronger activity 

in prefrontal cortex at a first time point is predictive for longitudinal improvement in 

cognitive performance from the first to the second time point, over and above behavioural 

measures [91].  

 

Figure: Brain regions that show age-related increases when controlling for performance may 

signal potential for change. (A) Peters et al. 2014, brain region that show age-related changes 

when controlling for performance levels. (B) Brain activity that predicts change in reading 

and arithmetic two years later. (C) An illustration of how performance-corrected age-related 

activity may reflect ‘readiness’ for change to the next performance level.  
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Text box 2: Linking brain structure and brain function 

 

Recently, studies on the development of cognitive control have begun to combine both 

functional as well as structural data. Such approaches follow from the assumption that brain 

function is rooted in the anatomy and connectivity of a specific brain structure (for two recent 

demonstrations of this in fusiform face and visual form area see [92, 93]. In one study age-

related changes in structural connectivity between the striatum and the right DLPFC predicted 

the extent of functional connectivity between these two regions, which in turn accounted for 

developmental differences in delay discounting [27]. On the other hand recent studies 

combining cortical thickness and functional activation showed that developmental differences 

in each contributed unique portions of variance in explaining social behaviors that rely on 

inhibitory control [94]. This suggests that structural and functional connectivity might be 

more tightly coupled than anatomy and functional activation. Combining brain structure and 

function in explaining the emergence of cognitive control constrains what might be expected 

in terms of the associated variability in task-related activation patterns. 
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Figure Captions 

Figure 1: Overview of proposed distinctions within prefrontal cortex. Conceptual 

overview of the distinctions within prefrontal cortex related to basic and complex/deliberative 

processes, and rule-based (lateral) to internalized (medial) processes. dlPFC=dorsal lateral 

prefrontal cortex, vlPFC=ventral lateral prefrontal cortex, dmPFC=dorsal medial prefrontal 

cortex, vmPFC=ventral lateral prefrontal cortex. The bottom half of the Figure shows how 

different cognitive control tasks can be subdivided along these processes.  

 

Figure 2: Overview of empirical findings in prefrontal cortex. An overview of increases 

and decreases in activity based on studies that are presented in in this review, according to the 

distinctions presented in Figure 1. The first horizontal row describes studies that show age-

related increases (blue) or decreases (red) in basic (left [15-18, 20-25, 48, 50-55, 95-101]) and 

complex (right [26-28, 56, 57, 59-62, 68-73, 75, 102-104]) cognitive control tasks. The 

second horizontal row describes these for rule-based (left [15-18, 20, 22-26, 48, 50-57, 60-62, 

95-100, 102-104]) and internalized, choice-based (right [20, 21, 27, 28, 59, 68-73, 75, 101]) 

cognitive control tasks. The increases are presented as + (blue) and decreases as – (orange). In 

case there was a change in connectivity reported, a circled + is presented. Non-linear patterns 

are displayed as ^. The bar graphs present relative increases and decreases according to lateral 

(coordinates outside x=-15 and x=15) and medial (coordinates within x=-15 and x=15) 

regions, for ventral and dorsal PFC. The ventral and dorsal distinction was based on the way 

this was presented in the specific studies. In case studies reported multiple activity foci within 

one brain area, the one with the largest intensity was plotted on the cartoon brain. Given that 

some studies overlapped, the activities may differ slightly from the location in the original 

paper for visibility and clarity of the figures.  

 



18 
 

 

 

 

References 

1. Diamond, A., Executive functions. Annu Rev Psychol, 2013. 64: p. 135-68. 

2. Prencipe, A., et al., Development of hot and cool executive function during the 

transition to adolescence. J Exp Child Psychol, 2011. 108(3): p. 621-37. 

3. Davidson, M.C., et al., Development of cognitive control and executive functions from 

4 to 13 years: evidence from manipulations of memory, inhibition, and task switching. 

Neuropsychologia, 2006. 44(11): p. 2037-78. 

4. Huizinga, M., C.V. Dolan, and M.W. van der Molen, Age-related change in executive 

function: developmental trends and a latent variable analysis. Neuropsychologia, 

2006. 44(11): p. 2017-36. 

5. Barcelo, F. and R.T. Knight, Both random and perseverative errors underlie WCST 

deficits in prefrontal patients. Neuropsychologia, 2002. 40(3): p. 349-56. 

6. Stuss, D.T. and B. Levine, Adults clinical neuropsychology: lessons from studies of 

the frontal lobes. Annual Review of Psychology, 2002. 53: p. 401-433. 

7. Dempster, F.N., The rise and fall of the inhibitory mechanism: towards a unified 

theory of cognitive development and aging. Developmental Review, 1992. 12(1): p. 

45-75. 

8. Romine, C.B. and C.R. Reynolds, A model of the development of frontal lobe 

functioning: findings from a meta-analysis. Appl Neuropsychol, 2005. 12(4): p. 190-

201. 

9. Bunge, S.A. and P.D. Zelazo, A brain-based account of the development of rule use in 

childhood. Current Directions in Psychological Science, 2006. 15(3): p. 118-121. 

10. Luna, B., A. Padmanabhan, and K. O'Hearn, What has fMRI told us about the 

development of cognitive control through adolescence? Brain Cogn, 2010. 72(1): p. 

101-13. 

11. Casey, B.J., et al., Imaging the developing brain: what have we learned about 

cognitive development? Trends Cogn Sci, 2005. 9(3): p. 104-10. 

12. Miller, E.K. and J.D. Cohen, An integrative theory of prefrontal cortex function. Annu 

Rev Neurosci, 2001. 24: p. 167-202. 

13. Aron, A.R., T.W. Robbins, and R.A. Poldrack, Inhibition and the right inferior frontal 

cortex: one decade on. Trends Cogn Sci, 2014. 18(4): p. 177-85. 

14. D'Esposito, M. and B.R. Postle, The cognitive neuroscience of working memory. Annu 

Rev Psychol, 2015. 66: p. 115-42. 

15. Satterthwaite, T.D., et al., Functional maturation of the executive system during 

adolescence. J Neurosci, 2013. 33(41): p. 16249-61. 

16. Thomason, M.E., et al., Development of spatial and verbal working memory capacity 

in the human brain. J Cogn Neurosci, 2009. 21(2): p. 316-32. 

17. Crone, E.A., et al., Neurocognitive development of the ability to manipulate 

information in working memory. Proc Natl Acad Sci U S A, 2006. 103(24): p. 9315-

20. 

18. Rubia, K., et al., Effects of age and gender on neural networks of motor response 

inhibition: from adolescence to mid-adulthood. Neuroimage, 2013. 83: p. 690-703. 

19. Durston, S., et al., A shift from diffuse to focal cortical activity with development. Dev 

Sci, 2006. 9(1): p. 1-8. 



19 
 

20. Rubia, K., et al., Linear age-correlated functional development of right inferior 

fronto-striato-cerebellar networks during response inhibition and anterior cingulate 

during error-related processes. Hum Brain Mapp, 2007. 28(11): p. 1163-77. 

21. Ordaz, S.J., et al., Longitudinal growth curves of brain function underlying inhibitory 

control through adolescence. J Neurosci, 2013. 33(46): p. 18109-24. 

22. Booth, J.R., et al., Neural development of selective attention and response inhibition. 

Neuroimage, 2003. 20(2): p. 737-51. 

23. Geier, C.F., et al., Development of working memory maintenance. J Neurophysiol, 

2009. 101(1): p. 84-99. 

24. Somerville, L.H., T. Hare, and B.J. Casey, Frontostriatal maturation predicts 

cognitive control failure to appetitive cues in adolescents. J Cogn Neurosci, 2011. 

23(9): p. 2123-34. 

25. Cohen, J.R., et al., Decoding developmental differences and individual variability in 

response inhibition through predictive analyses across individuals. Front Hum 

Neurosci, 2010. 4: p. 47. 

26. Peters, S., et al., The neural coding of feedback learning across child and adolescent 

development. J Cogn Neurosci, 2014. 26(8): p. 1705-20. 

27. van den Bos, W., et al., Adolescent impatience decreases with increased frontostriatal 

connectivity. Proc Natl Acad Sci U S A, 2015. 112(29): p. E3765-74. 

28. Steinbeis, N., et al., Development of Behavioral Control and Associated vmPFC-

DLPFC Connectivity Explains Children's Increased Resistance to Temptation in 

Intertemporal Choice. Cereb Cortex, 2016. 26(1): p. 32-42. 

29. Miyake, A., et al., The unity and diversity of executive functions and their 

contributions to complex "Frontal Lobe" tasks: a latent variable analysis. Cogn 

Psychol, 2000. 41(1): p. 49-100. 

30. Olsson, A. and K.N. Ochsner, The role of social cognition in emotion. Trends Cogn 

Sci, 2008. 12(2): p. 65-71. 

31. Shenhav, A., J.D. Cohen, and M.M. Botvinick, Dorsal anterior cingulate cortex and 

the value of control. Nat Neurosci, 2016. 19(10): p. 1286-91. 

32. Brass, M., D. Rigoni, and P. Haggard, Intentional inhibition: from motor suppression 

to self-control. Neuropsychologia, 2014. 65: p. 234-5. 

33. Koechlin, E., Prefrontal executive function and adaptive behavior in complex 

environments. Curr Opin Neurobiol, 2016. 37: p. 1-6. 

34. Badre, D. and M. D'Esposito, Is the rostro-caudal axis of the frontal lobe 

hierarchical? Nat Rev Neurosci, 2009. 10(9): p. 659-69. 

35. Buckholtz, J.W., Social norms, self-control, and the value of antisocial behavior. 

Current Opinion in Behavioral Sciences, 2015. 3: p. 122-129. 

36. Cowan, N., Working Memory Maturation: Can We Get at the Essence of Cognitive 

Growth? Perspect Psychol Sci, 2016. 11(2): p. 239-64. 

37. Carriedo, N., et al., Development of the updating executive function: From 7-year-olds 

to young adults. Dev Psychol, 2016. 52(4): p. 666-78. 

38. Cragg, L., The development of stimulus and response interference control in 

midchildhood. Dev Psychol, 2016. 52(2): p. 242-52. 

39. Cepeda, N.J., A.F. Kramer, and J.C. Gonzalez de Sather, Changes in executive control 

across the life span: examination of task-switching performance. Dev Psychol, 2001. 

37(5): p. 715-30. 

40. Davies, P.L., S.J. Segalowitz, and W.J. Gavin, Development of response-monitoring 

ERPs in 7- to 25-year-olds. Dev Neuropsychol, 2004. 25(3): p. 355-76. 

41. Smulders, S.F., E. Soetens, and M.W. van der Molen, What happens when children 

encounter an error? Brain Cogn, 2016. 104: p. 34-47. 



20 
 

42. Asato, M.R., J.A. Sweeney, and B. Luna, Cognitive processes in the development of 

TOL performance. Neuropsychologia, 2006. 44(12): p. 2259-69. 

43. Friedman, N.P., et al., Stability and change in executive function abilities from late 

adolescence to early adulthood: A longitudinal twin study. Dev Psychol, 2016. 52(2): 

p. 326-40. 

44. Friedman, N.P., et al., Developmental trajectories in toddlers' self-restraint predict 

individual differences in executive functions 14 years later: a behavioral genetic 

analysis. Dev Psychol, 2011. 47(5): p. 1410-30. 

45. Aron, A.R., T.W. Robbins, and R.A. Poldrack, Inhibition and the right inferior frontal 

cortex. Trends Cogn Sci, 2004. 8(4): p. 170-7. 

46. Swick, D. and C.H. Chatham, Ten years of inhibition revisited. Front Hum Neurosci, 

2014. 8: p. 329. 

47. Derrfuss, J., et al., Involvement of the inferior frontal junction in cognitive control: 

meta-analyses of switching and Stroop studies. Hum Brain Mapp, 2005. 25(1): p. 22-

34. 

48. Crone, E.A., et al., Neural evidence for dissociable components of task-switching. 

Cereb Cortex, 2006. 16(4): p. 475-86. 

49. van Noordt, S.J. and S.J. Segalowitz, Performance monitoring and the medial 

prefrontal cortex: a review of individual differences and context effects as a window 

on self-regulation. Front Hum Neurosci, 2012. 6: p. 197. 

50. Kwon, H., A.L. Reiss, and V. Menon, Neural basis of protracted developmental 

changes in visuo-spatial working memory. Proc Natl Acad Sci U S A, 2002. 99(20): p. 

13336-41. 

51. Ciesielski, K.T., et al., Developmental neural networks in children performing a 

Categorical N-Back Task. Neuroimage, 2006. 33(3): p. 980-90. 

52. Brahmbhatt, S.B., D.A. White, and D.M. Barch, Developmental differences in 

sustained and transient activity underlying working memory. Brain Res, 2010. 1354: 

p. 140-51. 

53. Jolles, D.D., et al., Developmental differences in prefrontal activation during working 

memory maintenance and manipulation for different memory loads. Dev Sci, 2011. 

14(4): p. 713-24. 

54. Tamm, L., V. Menon, and A.L. Reiss, Maturation of brain function associated with 

response inhibition. J Am Acad Child Adolesc Psychiatry, 2002. 41(10): p. 1231-8. 

55. Christakou, A., et al., Sex-dependent age modulation of frontostriatal and temporo-

parietal activation during cognitive control. Neuroimage, 2009. 48(1): p. 223-36. 

56. Crone, E.A., et al., Neural mechanisms supporting flexible performance adjustment 

during development. Cogn Affect Behav Neurosci, 2008. 8(2): p. 165-77. 

57. Wright, S.B., et al., Neural correlates of fluid reasoning in children and adults. Front 

Hum Neurosci, 2007. 1: p. 8. 

58. Wendelken, C., et al., Increased functional selectivity over development in 

rostrolateral prefrontal cortex. J Neurosci, 2011. 31(47): p. 17260-8. 

59. Christakou, A., M. Brammer, and K. Rubia, Maturation of limbic corticostriatal 

activation and connectivity associated with developmental changes in temporal 

discounting. Neuroimage, 2011. 54(2): p. 1344-54. 

60. McRae, K., et al., The development of emotion regulation: an fMRI study of cognitive 

reappraisal in children, adolescents and young adults. Soc Cogn Affect Neurosci, 

2012. 7(1): p. 11-22. 

61. Silvers, J.A., et al., vlPFC-vmPFC-Amygdala Interactions Underlie Age-Related 

Differences in Cognitive Regulation of Emotion. Cereb Cortex, 2016. 



21 
 

62. van den Bos, W., et al., Better than expected or as bad as you thought? The 

neurocognitive development of probabilistic feedback processing. Front Hum 

Neurosci, 2009. 3: p. 52. 

63. Peters, S., et al., Longitudinal development of frontoparietal activity during feedback 

learning: Contributions of age, performance, working memory and cortical thickness. 

Dev Cogn Neurosci, 2016. 19: p. 211-22. 

64. Achterberg, M., et al., Fronto-striatal white matter integrity predicts development in 

delay of gratification: a longitudinal study. Journal of Neuroscience, 2016. 36(6): p. 

1954-1961. 

65. Apps, M.A., M.F. Rushworth, and S.W. Chang, The Anterior Cingulate Gyrus and 

Social Cognition: Tracking the Motivation of Others. Neuron, 2016. 90(4): p. 692-

707. 

66. Roalf, D.R., et al., Within-individual variability in neurocognitive performance: age- 

and sex-related differences in children and youths from ages 8 to 21. 

Neuropsychology, 2014. 28(4): p. 506-18. 

67. van den Bos, W., et al., Development of trust and reciprocity in adolescence. 

Cognitive Development, 2010. 25: p. 90-102. 

68. Fett, A.K., et al., Default distrust? An fMRI investigation of the neural development of 

trust and cooperation. Soc Cogn Affect Neurosci, 2014. 9(4): p. 395-402. 

69. Banich, M.T., et al., Developmental trends and individual differences in brain systems 

involved in intertemporal choice during adolescence. Psychol Addict Behav, 2013. 

27(2): p. 416-30. 

70. Christakou, A., et al., Neural and psychological maturation of decision-making in 

adolescence and young adulthood. J Cogn Neurosci, 2013. 25(11): p. 1807-23. 

71. van Duijvenvoorde, A.C., et al., Neural correlates of expected risks and returns in 

risky choice across development. J Neurosci, 2015. 35(4): p. 1549-60. 

72. van den Bos, W., et al., Striatum-medial prefrontal cortex connectivity predicts 

developmental changes in reinforcement learning. Cereb Cortex, 2012. 22(6): p. 1247-

55. 

73. van den Bos, W., et al., Changing brains, changing perspectives: the neurocognitive 

development of reciprocity. Psychol Sci, 2011. 22(1): p. 60-70. 

74. Barkley-Levenson, E.E., L. Van Leijenhorst, and A. Galvan, Behavioral and neural 

correlates of loss aversion and risk avoidance in adolescents and adults. Dev Cogn 

Neurosci, 2013. 3: p. 72-83. 

75. Cohen, J.R., et al., A unique adolescent response to reward prediction errors. Nat 

Neurosci, 2010. 13(6): p. 669-71. 

76. Delgado, M.R., et al., Viewpoints: Dialogues on the functional role of the 

ventromedial prefrontal cortex. Nat Neurosci, 2016. 19(12): p. 1545-1552. 

77. D'Argembeau, A., On the role of the ventromedial prefrontal cortex in self-

processing: the valuation hypothesis. Front Hum Neurosci, 2013. 7: p. 372. 

78. Crone, E.A., The role of the medial frontal cortex in the development of cognitive and 

social-affective performance monitoring. Psychophysiology, 2014. 51(10): p. 943-50. 

79. Johnson, M.H., Interactive specialization: a domain-general framework for human 

functional brain development? Dev Cogn Neurosci, 2011. 1(1): p. 7-21. 

80. Fair, D.A., et al., Development of distinct control networks through segregation and 

integration. Proc Natl Acad Sci U S A, 2007. 104(33): p. 13507-12. 

81. Fair, D.A., et al., The maturing architecture of the brain's default network. Proc Natl 

Acad Sci U S A, 2008. 105(10): p. 4028-32. 

82. Dosenbach, N.U., et al., Distinct brain networks for adaptive and stable task control 

in humans. Proc Natl Acad Sci U S A, 2007. 104(26): p. 11073-8. 



22 
 

83. Dosenbach, N.U., et al., A dual-networks architecture of top-down control. Trends 

Cogn Sci, 2008. 12(3): p. 99-105. 

84. Schel, M.A., A. Scheres, and E.A. Crone, New perspectives on self-control 

development: highlighting the role of intentional inhibition. Neuropsychologia, 2014. 

65: p. 236-46. 

85. Burnett, S., et al., The social brain in adolescence: evidence from functional magnetic 

resonance imaging and behavioural studies. Neurosci Biobehav Rev, 2011. 35(8): p. 

1654-64. 

86. van Duijvenvoorde, A.C., et al., What motivates adolescents? Neural responses to 

rewards and their influence on adolescents' risk taking, learning, and cognitive 

control. Neurosci Biobehav Rev, 2016. 70: p. 135-147. 

87. Schlaggar, B.L., et al., Functional neuroanatomical differences between adults and 

school-age children in the processing of single words. Science, 2002. 296(5572): p. 

1476-9. 

88. Peters, S., et al., Strategies influence neural activity for feedback learning across child 

and adolescent development. Neuropsychologia, 2014. 62: p. 365-74. 

89. Fazio, L.K., M. DeWolf, and R.S. Siegler, Strategy use and strategy choice in fraction 

magnitude comparison. J Exp Psychol Learn Mem Cogn, 2016. 42(1): p. 1-16. 

90. Jansen, B.R. and H.L. van der Maas, The development of children's rule use on the 

balance scale task. J Exp Child Psychol, 2002. 81(4): p. 383-416. 

91. Peters, S., et al., Predicting reading and mathematics from neural activity for feedback 

learning. . Developmental Psychology, in press. 

92. Saygin, Z.M., et al., Anatomical connectivity patterns predict face selectivity in the 

fusiform gyrus. Nat Neurosci, 2011. 15(2): p. 321-7. 

93. Saygin, Z.M., et al., Connectivity precedes function in the development of the visual 

word form area. Nat Neurosci, 2016. 19(9): p. 1250-5. 

94. Steinbeis, N., B.C. Bernhardt, and T. Singer, Impulse control and underlying functions 

of the left DLPFC mediate age-related and age-independent individual differences in 

strategic social behavior. Neuron, 2012. 73(5): p. 1040-51. 

95. Schweinsburg, A.D., B.J. Nagel, and S.F. Tapert, fMRI reveals alteration of spatial 

working memory networks across adolescence. J Int Neuropsychol Soc, 2005. 11(5): 

p. 631-44. 

96. Olesen, P.J., et al., Brain activity related to working memory and distraction in 

children and adults. Cereb Cortex, 2007. 17(5): p. 1047-54. 

97. Rubia, K., et al., Progressive increase of frontostriatal brain activation from 

childhood to adulthood during event-related tasks of cognitive control. Hum Brain 

Mapp, 2006. 27(12): p. 973-93. 

98. Bunge, S.A., et al., Immature frontal lobe contributions to cognitive control in 

children: evidence from fMRI. Neuron, 2002. 33(2): p. 301-11. 

99. Vink, M., et al., Frontostriatal activity and connectivity increase during proactive 

inhibition across adolescence and early adulthood. Hum Brain Mapp, 2014. 35(9): p. 

4415-27. 

100. Morton, J.B., R. Bosma, and D. Ansari, Age-related changes in brain activation 

associated with dimensional shifts of attention: an fMRI study. Neuroimage, 2009. 

46(1): p. 249-56. 

101. Velanova, K., M.E. Wheeler, and B. Luna, Maturational changes in anterior cingulate 

and frontoparietal recruitment support the development of error processing and 

inhibitory control. Cereb Cortex, 2008. 18(11): p. 2505-22. 



23 
 

102. van Duijvenvoorde, A.C., et al., Evaluating the negative or valuing the positive? 

Neural mechanisms supporting feedback-based learning across development. J 

Neurosci, 2008. 28(38): p. 9495-503. 

103. Crone, E.A., et al., Neurocognitive development of relational reasoning. Dev Sci, 

2009. 12(1): p. 55-66. 

104. Dumontheil, I., et al., Development of relational reasoning during adolescence. Dev 

Sci, 2010. 13(6): p. F15-24. 

 

Acknowledgements. This work was supported by The Netherlands Organization for Scientific 

Research (NWO-VICI 453-14-001 E.A.C.) and an innovative ideas grant of the European 

Research Council (ERC CoG PROSOCIAL 681632 to E.A.C.). The work by N.S. was 

supported by an innovative ideas grant of the European Research Council (ERC-2016-StG 

DEVBRAINTRAIN 715282) and a Jacobs Foundation Early-Career Researcher Fellowship. 

We thank Berna Guroglu for helpful discussions and commenting on earlier versions, and 

Sibel Altikulac for her help with making the Figures.  

 
Figure 1 

 



24 
 

 
Figure 2 

 

 
 

Figure 3 

 

 


