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Introduction

This paper addresses executive function (EF), which refers to the set of self-regulatory skills in-
volved in the conscious goal-directed modulation of thought, emotion, and action (Carlson, Zelazo, &
Faja, 2013; Diamond, 2013; Jacques & Marcovitch, 2010). Interest in EF and its development during
childhood is based in large part on evidence that individual differences in these skills (or proxy indi-
cators of these skills) in childhood predict a wide range of important developmental outcomes, including
school readiness in kindergarten (e.g., Blair & Razza, 2007), school performance and social compe-
tence in adolescence (e.g., Mischel, Shoda, & Rodriguez, 1989), and better physical health, higher
socioeconomic status (SES), and fewer drug-related problems and criminal convictions in adulthood
(Moffitt et al., 2011). The predictive power of EF is often greater than that of IQ, and long-term pre-
dictions are seen even when controlling for IQ and childhood SES.

EF skills provide an important foundation for learning and adaptation across a wide range of con-
texts, and children who arrive at school with well-practiced EF skills may find it easier to sit still, pay
attention, remember and follow rules, and flexibly adopt new perspectives (Meuwissen & Zelazo, 2014).
They may learn more easily, and as a consequence, feel more optimistic about school, and get along
better with teachers and peers. It has also been argued that EF skills, as well as the reflective pro-
cesses that underlie them, jointly allow for a more fully engaged, active, and reflective form of learning
(Marcovitch, Jacques, Boseovski, & Zelazo, 2008), and research suggests that preschoolers with better
EF skills learn more from a given amount of instruction and practice (Benson, Sabbagh, Carlson, & Zelazo,
2013; Welsh, Nix, Blair, Bierman, & Nelson, 2010). For example, Hassinger-Das, Jordan, Glutting, [rwin,
and Dyson (2014) found that children with better EF skills show a larger gain in math achievement
between kindergarten and first grade, especially on applied problems. Bascandziev, Zaitchik, and Carey
(2015) found that 6-year-olds’ EF skills predicted the extent to which training resulted in conceptual
change in the construction of a vitalist biology.

The importance of EF for reflective learning and conceptual change may help explain the achieve-
ment gap between children from lower vs. higher socioeconomic (SES) backgrounds, which has widened
during the past few decades along with increases in income inequality (Cahalan & Perna, 2015). Chil-
dren with lower SES show lower levels of EF skill, even controlling for general cognitive skills (e.g.,
Farah et al., 2006; Masten et al., 2012; Mezzacappa, 2004; Noble, Norman, & Farah, 2004; Obradovic,
2010). Moreover, these differences are likely to emerge early (Fernald, Marchman, & Weisleder, 2013;
Tomalski et al., 2013), although they may become particularly consequential in the context of a pre-
school or kindergarten classroom. Teachers in these classrooms report that being able to sit still, pay
attention, and remember and follow rules are more important for success than early literacy or numeracy
(McClelland et al., 2007). Poor EF skills may be misinterpreted as learning disabilities, attention deficit
hyperactivity disorder (ADHD), or emotional and behavioral disorders (EBDs), and may result in sus-
pensions or expulsions (U.S. Department of Education Office for Civil Rights, 2014).

This article describes a model of self-regulation and its development, the Iterative Reprocessing (IR)
model (e.g., Cunningham & Zelazo, 2007; Zelazo & Cunningham, 2007), that provides a framework
for thinking about EF and how best to promote its healthy development. The IR model builds in part
on the Levels of Consciousness model (Zelazo, 2004), the Cognitive Complexity and Control theory-
Revised (Zelazo, Muller, Frye, & Marcovitch, 2003), and related theoretical models of EF (e.g., Bunge
& Zelazo, 2006; Marcovitch & Zelazo, 2009). The following sections (1) define EF in terms of the IR
model, (2) present an overview of the model, and (3) review recent research testing the model’s pre-
diction that EF can be improved through brief interventions targeting reflection and rule use. A full
discussion of resonances with prior theoretical work (e.g., Baldwin, 1894; Craik & Lockhart, 1972; Luria,
1961; Pascual-Leone, 1970; Piaget, 1954) is beyond the scope of this article.

Defining executive function

According to the IR model, EF skills are the neurocognitive skills necessary for the top-down, goal-
directed modulation of attention and behavior, and as such, they are important for intentional action,
whether the goal of that action be relatively simple (e.g., stay focused on what you are reading) or
more complex (e.g., pursue a career in education). As neurocognitive skills, EF skills are attentional skills,
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or ways of using attention, that depend on specific neural circuits, in this case involving regions in pre-
frontal cortex and other areas. These attentional skills serve to modulate attention in the service of a
goal - flexibly, over time, and selectively - and consequently, they serve to control our behavior in
corresponding ways. EF is typically measured behaviorally as three skills: cognitive flexibility, working
memory, and inhibitory control (Miyake et al., 2000).

Cognitive flexibility involves thinking about something in multiple ways - for example, task switch-
ing or considering someone else’s perspective on a situation. Working memory, in this context, refers
to a particular cognitive function: both keeping information in mind and, usually, manipulating it in
some way. Inhibitory control involves deliberately suppressing attention (or other responses) to some-
thing (e.g., ignoring a distraction or stopping an impulsive utterance). These skills, which typically work
together when we are pursuing a goal, are important for characterizing problems, making infer-
ences, and keeping goals and plans in mind, despite distractions and interference, so that they can
be used, deliberately, to guide behavior.

In addition, there is behavioral evidence that EF varies along a continuum from “hot EF” to “cool
EF” (Zelazo & Miiller, 2002; see Peterson & Welsh, 2014, for a review). Hot EF refers to those aspects
of EF that are needed in situations that are motivationally significant. Hot EF depends in part on neural
networks involving more ventral and medial regions of prefrontal cortex (and pathways involving
mesolimbic reward circuitry, including amygdala and striatum), and is typically assessed in tasks that
require the flexible reappraisal of whether to approach or avoid a salient stimulus. Examples include delay
of gratification (which involves avoiding a more salient immediate reward and approaching a less salient
delayed reward) and the Children’s Gambling Task (Kerr & Zelazo, 2004), a simplified version of the
Iowa Gambling Task (Bechara et al., 1994; Noél, Brevers, & Bechara, 2013), in which the options that
at first appear advantageous (higher rewards) are revealed gradually to be disadvantageous (higher
rewards but even higher losses), and vice versa. Hot EF is also involved in deliberate emotion regulation.

In contrast, cool EF, assessed in relatively arbitrary or decontextualized tasks (e.g., most laborato-
ry measures of EF, including most measures of cognitive flexibility, working memory, and inhibitory
control), relies more on neural networks involving lateral parts of prefrontal cortex. A widely used
measure of cool EF in childhood is the Dimensional Change Card Sort (DCCS) task (Zelazo, 2006), which
is part of the National Institutes of Health Toolbox for the Assessment of Neurological and Behavioral
Function (Bauer & Zelazo, 2014; Zelazo et al., 2013, 2014). In early childhood, the DCCS serves as a
relatively comprehensive measure of cool EF, requiring cognitive flexibility, working memory, and in-
hibitory control, and capturing reliable individual differences in all three skills. By later childhood, the
DCCS acts primarily as a measure of cognitive flexibility. This may be due, in part, to the experience-
dependent specialization of the neural circuits underlying each aspect of cool EF (e.g., Bauer & Zelazo,
2013; Johnson, 2011).

In one version of the DCCS, presented on a tablet computer, children are shown a display with two
boxes, one with a green rabbit on it and one with a purple pig (Fig. 1). They are then shown test cards
with either green pigs or purple rabbits. Children are first instructed to sort by color: All the green ones
go in one box, and all the purple ones go in the other. They sort 5 test cards in this way by dragging the
virtual test cards across the touch screen, and are then told to stop sorting by color and start sorting
by shape: All the rabbits go here, and all the pigs go here. Many typically developing preschoolers fail
to keep up with these demands and instead rigidly continue to sort the cards by the first dimension,
in this case, by color. They do this despite knowing the current rules and telling them to the experi-
menter, and this gap between knowing and being able to act on that knowledge is a classic sign of
difficulty with EF.

Hot and cool EF, which typically work together in solving real-world problems, are both forms of
deliberate, effortful, top-down, self-regulatory processing that depend on the prefrontal cortex, but
they vary in the extent to which they require the management of motivation and emotion, including
the goal-directed modulation of basic approach and avoidance motivations (Zelazo & Carlson, 2012).
The distinction between hot and cool EF can be observed in children’s behavior at least by 3 years of
age (e.g., Hongwanishkul, Happaney, Lee, & Zelazo, 2005), although Carlson and colleagues (e.g., Bernier,
Carlson, & Whipple, 2010) have found that a principal components analysis (PCA) of 26-month-olds’
performance on a battery of EF measures yielded two factors, corresponding to cool EF (“conflict” tasks,
such as the DCCS) and hot EF (“delay” tasks, such as delay of gratification).
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Fig. 1. Stimuli in one version of the DCCS that is part of the Minnesota Executive Function Scale (MEFS; Carlson & Zelazo, 2014).
Children are instructed to sort pictures first by one dimension (color) and then by another (shape). Images show the Minnesota
Executive Function Scale by Carlson, S. M., and Zelazo, P. D., 2014, Saint Paul, MN: Reflection Sciences, LLC. Copyright © 2015 by
Reflection Sciences, LLC. Reprinted with permission. (For interpretation of the references to color in the text, the reader is re-
ferred to the web version of this article.)

Whereas poor hot EF in preschoolers is associated with inattentive—-overactive problem behav-
iors, cool EF is associated with academic outcomes, including math and reading (e.g., Brock,
Rimm-Kaufman, Nathanson, & Grimm, 2009; Kim, Nordling, Yoon, Boldt, & Kochanska, 2013; Willoughby,
Kupersmidt, Voegler-Lee, & Bryant, 2011). Deficits in hot EF differentiate oppositional defiant disorder/
conduct disorder (ODD/CD) from attention deficit hyperactivity disorder (ADHD) in adolescence (Hobson,
Scott, & Rubia, 2011), and they are differentially implicated in different forms of ADHD (e.g., Castellanos,
Sonuga-Barke, Milham, & Tannock, 2006).

Most real world problems require a combination of hot and cool EF skills. Indeed, these effortful
skills are invoked when there is a problem to be solved; when there is a goal and some degree of mo-
tivation to achieve that goal.

Overview of the iterative reprocessing (IR) model

The IR model characterizes deliberate self-regulation as the product of a dynamic interaction between
more bottom-up (reactive) influences and more top-down (reflective) influences. Top-down influ-
ences on self-regulation are made possible by EF skills (see Fig. 2). According to the model, these EF
skills correspond to various forms of goal-directed modulation of attention and, consequently, overt
behavior, and they in turn are made possible by reflection - the reflective reprocessing of informa-
tion via neural circuits that coordinate hierarchically arranged regions of PFC (Bunge & Zelazo, 2006).
Reflection allows for the ad hoc construction of more complex representations, as measured by the
hierarchical complexity of the rule systems that can be formulated and maintained in working memory
(Zelazo et al., 2003). More complex rule representations, maintained in working memory, allow for
more flexibility and goal-directed control in a wider range of situations, as manifested in specific EF
skills. On this view, then, cognitive flexibility, working memory, and inhibitory control all depend on
the iterative reprocessing of information, which permits the formulation of more complex rules that
can then be used to control behavior (e.g., Cunningham & Zelazo, 2007).
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Fig. 2. Relations among levels of analysis in the Iterative Reprocessing model (e.g., Zelazo & Cunningham, 2007). EF skills are
attentional skills that support (and interact with) the goal-directed modulation of attention and behavior, which is essential
for effective learning and problem solving. This model further proposes that reflection, made possible by the iterative repro-
cessing of information via prefrontal cortex (PFC) prior to responding, provides a foundation for, and is required for rule use
(inferences and action), which facilitates EF skills.

According to the model, increases in the efficiency of reflection (or the iterative reprocessing of
information) occur as a result of reflecting in the context of goal-directed problem solving. Like other
neurocognitive skills, reflection develops in a use-dependent way; with repeated use, the neural cir-
cuits involved in reflection become more efficient. Developmental improvements in reflection permit
more efficient and effective problem construals, and allow for increases in the complexity of the rules
children can formulate and keep in mind prior to responding. It is these increases in rule complexity
that then more directly allow for increases in EF skills as typically measured, as cognitive flexibility,
working memory, and inhibitory control. Developmentally, then, improvements in reflection are nec-
essary (but not sufficient) for the formulation of more complex rules, or the use of language to facilitate
the goal-directed control of attention, flexibly (i.e., cognitive flexibility), over time (i.e., working memory),
and selectively (i.e., inhibitory control). These reflective, verbally mediated EF skills (and the neural
circuitry involved) vary across hot and cool contexts (i.e., as a function of motivational significance),
and become more efficient and effective as they are exercised in the context of goal-directed problem
solving.

Reflection

Like EF skills, reflection is a neurocognitive skill - a way of using attention that involves specific
neural circuits, and as such, it can be considered at multiple levels of analysis. At the neural level, it
corresponds to the use of neural circuits involving hierarchically arranged regions of PFC that allow
for the iterative reprocessing of information, so that information is fed back into the system where it
can be combined with other relevant information, yielding a more elaborate construal. At the func-
tional level of cognition, reflection is the deliberate, sustained consideration (and re-consideration)
of something in the context of goal-directed problem solving. Reflection occurs when one interrupts
an ongoing stream of consciousness or action, and actively considers one’s situation, or construes it
in a way that is experienced as “stepping back” and achieving some degree of psychological distance
on one’s experiences (Carlson & White, 2013; Dewey, 1931/1985; Sigel, 1993; Werner & Kaplan, 1963).
Goal-directed reflection may be directed at an external situation (and experienced subjectively as such),
but because it involves the reinterpretation of one’s own construals, it is inherently directed inward,
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which is more obvious when we interrogate ourselves (e.g., considering our own skills, or question-
ing our own assumptions). In this way, reflection is inherently metacognitive and is a source of first-
person information regarding developing ideas of cognition (i.e., metacognitive knowledge).

Degrees of reflection vary with degrees of construal complexity (see the section Rule Use and Cog-
nitive Complexity) and involve neural circuits that include the anterior cingulate cortex (ACC),
orbitofrontal cortex (OFC), and hierarchically arranged regions of the lateral PFC (ventrolateral PFC,
dorsolateral PFC, and rostrolateral PFC). Reflection provides a necessary foundation for all forms of
EF; cognitive flexibility, working memory, and inhibitory control all depend on, and indeed involve,
some degree of reflection.

Information may be processed with relatively little reflection (i.e., few iterations of reprocessing),
relying more on OFC than lateral PFC, as when a simple evaluation may be sufficient for the current
situation. Detection of uncertainty can trigger reflection, however, in which case previously pro-
cessed information from the limbic regions is additionally and concurrently processed by cortical regions.
Reflection, or reprocessing, allows for more aspects of a situation to be noticed and integrated into a
single construal (or interpretation), yielding a richer, more nuanced evaluation of the situation and a
better appreciation of the options at one’s disposal (Cunningham & Zelazo, 2007).

With more reprocessing of information, more details are perceived and integrated into one’s rep-
resentation of one’s experience. For example, if a person is experiencing a particular stimulus (e.g., a
red rabbit) in the relative absence of reflection, they may only notice a single salient feature, such as
its kind. Upon further reflection, however, and with further iterations of reprocessing via neural cir-
cuits involving increasingly lateral and anterior parts of PFC, other aspects of the stimulus, such as
the color and the other categories to which it belongs (e.g., red thing, animal, etc.), may become in-
tegrated into the person’s conscious construal. Figure 3 illustrates how the reprocessing of information
unfolds in time and allows for the construal of a stimulus within a larger context, leading to a richer
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Fig. 3. Reflection unfolds in time through a series of iterations. The iterative reprocessing of information about a stimulus allows
more aspects of the stimulus and of the context in which it occurs to be integrated into the experience of the stimulus. Adapted
with permission from Cunningham, W. A., Zelazo, P. D., Packer, D. J., and Van Bavel, ]. ]. (2007). The iterative reprocessing model:
A multi-level framework for attitudes and evaluation. Social Cognition, 25, 736-760.



P.D. Zelazo / Developmental Review 38 (2015) 55-68 61

qualitative experience and, importantly, to the opportunity to select and amplify attention to differ-
ent aspects of a stimulus.

According to the IR model, the development of EF depends crucially on increases in the efficiency
of reflection. As with all skills, reflection develops through repeated use, in the context of goal-
directed problem solving, and usually in the context of parental support and scaffolding. The preschool
period may be a particularly sensitive period for the development of reflection - the acquisition of
reflection skills — because this is a period of rapid growth in reflection, as seen, for example, in cor-
related rapid improvements in EF skill and flexible perspective taking, or theory of mind (e.g., Frye
et al., 1995). Carlson et al. (2013) reviewed a wide range of influences on the development of EF skills,
from SES to language to attachment, and these influences on EF development might be expected to
affect the development of reflection, as well.

Rule use and cognitive complexity

The goal-directed construals of a stimulus depicted in Fig. 3, where the stimulus is considered with
respect to a larger context, are typically verbally mediated, and when formulated in the context of
goal-directed problem solving, they are often formulated as rules that vary in complexity and flexi-
bility. Contemporary research generally supports the seminal ideas of Vygotsky (1962) and Luria (1959,
1961) concerning the importance of verbal processes in the exercise and development of self-
regulation, finding, for example, that with age children increasingly use verbalization strategically to
maintain task information in mind (Karbach & Kray, 2007), and that blocking the use of inner speech
disrupts cognitive control in children and adults (Emerson & Miyake, 2003; Kray, Eber, & Karbach, 2008).

According to the IR model, EF skills involve the formulation and maintenance in working memory
of explicit action-oriented rules. Improvements in EF skill are made possible by increases in the ef-
ficiency and extent of reflective reprocessing, but this in turn allows for increases in the hierarchical
complexity of rules that children can formulate, keep in working memory, and use (Zelazo et al., 2003).
A strong case has been made for the importance of cognitive complexity, not only in research from
the perspective of the IR model (e.g., Zelazo et al., 2003) but also by research on Halford’s relational
complexity model (e.g., Halford, Wilson, Andrews, & Phillips, 2014). One difference between these models
is that relational complexity is not necessarily hierarchical, whereas hierarchical complexity is a key
feature of reflection and the use of higher order rules, as captured by the IR model.

Figure 4, from Bunge and Zelazo (2006), illustrates how the ad hoc integration of knowledge struc-
tures through the formulation of higher order rules permits the flexible top-down selection of situation-
appropriate rules, resulting in the inhibition of any tendency to select inappropriate rules that are elicited
or primed in a bottom-up fashion. Reflection allows for a sufficiently complex construal of a problem,
and the use of a higher order rule accomplishes the functions of cognitive flexibility (i.e., switching
rules flexibly and appropriately) and inhibitory control (i.e., selection of an appropriate action plan
entails non-selection of an inappropriate one). Reflection, or the active reprocessing of information,
is also inherent in the maintenance and manipulation of information over time (i.e., working memory).

In the DCCS, for example, children need to reflect on the fact that there are two ways to sort the
cards, formulate a higher order rule for selecting among rule pairs, stop sorting in the first way (inhib-
itory control), keep the current rules in mind (working memory), and switch to sorting by those rules
(cognitive flexibility).

This figure also illustrates how the use of rules of differing levels of complexity maps onto net-
works involving increasingly anterior regions of cortex, and how reflection and higher order rule use
typically increase together with a shift from more hot to more cool EF. Orbitofrontal cortex, involved
in relatively hot EF, furnishes simple approach-avoidance (stimulus-reward) rules and is also in-
volved in learning to reverse these rules. The formulation and use of more complex rules that control
the application of simpler rules (e.g., if color game, then if red, then it goes here) involves the recruit-
ment of increasingly anterior regions of the lateral prefrontal cortex into an increasingly complex,
hierarchically arranged network of PFC regions. Higher levels in the hierarchy operate on the prod-
ucts of lower levels (see also Badre & D’Esposito, 2007; Botvinick, 2008; Christoff & Gabrieli, 2000;
Goldberg & Bilder, 1987; Koechlin, Ody, & Kouneiher, 2003). As rules become more complex, they also
become more abstract (i.e., abstracted away from the exigencies of a situation), and this can also be
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Fig. 4. A hierarchical model of rule representation in PFC. A lateral view of the human brain is depicted at the top of the figure,
with regions of PFC identified by the Brodmann areas (BA) that comprise them: Orbitofrontal cortex (BA 11), ventrolateral PFC
(BA 44, 45, 47), dorsolateral PFC (BA 9, 46), and rostrolateral PFC (BA 10). The PFC regions are shown in various shades of red
(more hot) and blue (more cool), indicating which types of rules they represent. Rule structures are depicted below; these vary
in hierarchical complexity. The formulation and maintenance in working memory of more complex rules depends on the it-
erative reprocessing of information through a series of levels of consciousness, which in turn depends on the recruitment of
additional regions of PFC into an increasingly complex hierarchy of PFC activation. Note: S = stimulus; check = reward;
cross = nonreward; R =response; C = context, or task set. Brackets indicate a bivalent rule that is currently being ignored. Re-
printed with permission from: Bunge, S., and Zelazo, P. D. (2006). A brain-based account of the development of rule use in childhood.
Current Directions in Psychological Science, 15, 118-121. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

viewed as a shift from hotter to cooler aspects of EF (see also Munakata, Snyder, & Chatham, 2012).
In general, on this view, the development of prefrontal cortical circuitry proceeds in a bottom-up fashion
that parallels well-documented age-related changes in the complexity of the rules that children can
formulate, maintain in working memory, and use when solving problems. For example, research has
found that even 2.5-year-olds successfully use a single arbitrary rule to sort pictures (e.g., Zelazo &
Reznick, 1991), 3-year-olds can use a pair of rules, and 5-year-olds can use a hierarchical set of rules,
including a higher-order rule for switching between rule pairs (e.g., Zelazo et al., 2003).
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With reflection, as children integrate more features of a stimulus into their representation of it,
or as they consider the current context in relation to other contexts (e.g., the previous rules), they
will be better positioned to formulate more complex, nested systems of rules that accurately repre-
sent the relevant contingencies (e.g., “If 'm playing the shape game, then rabbits go with rabbits and
pig go with pigs; but if I'm playing the color game, green ones go with green ones, and purple with
purple”). These rule representations are verbally mediated in that they are represented internally via
self-directed speech in working memory. Such complex rule representations allow for more flexibil-
ity and control in a wider range of situations than previously possible. In the absence of adequate
reflection, children are limited to responding according to simple rules, particularly those that come
to mind quickly. If they fail to reflect on their knowledge of the rules in relation to one another, or
fail to do so quickly enough, then they will be unlikely to formulate a higher-order rule that inte-
grates the simple rule sets before it is necessary to respond.

Detection of uncertainty: a trigger for reflection and EF

The detection of uncertainty or conflict - anything that signals a problem - can serve as a trigger
to interrupt automatic processing. The IR model proposes that conflict/uncertainty detection triggers
reflection, or the active, more effortful reprocessing of information, which in turn allows children to
keep information actively in mind and to formulate more complex action-oriented rules that allow
for greater cognitive flexibility and inhibitory control.

On the DCCS, for example, successful switching requires monitoring and detecting the conflict between
the two different games being played. Once children detect a problem, they can pause, interrupting
the momentum of their behavior, and reflect on the task. When they do so, they may recognize that
they know two different ways of approaching the stimuli, and formulate a higher-order rule that allows
them to switch between games (e.g., If it’s the color game, then the green ones go here and the purple
ones go there; but if it's the shape game, then the rabbits go here and the pigs go there). Consistent
with this account, research indicates that the N2 component of the event related potential (ERP), gen-
erated largely by neural activity in the anterior cingulate cortex (ACC) and taken as an index of conflict
detection (Botvinick, Cohen, & Carter, 2004), differentiates children who pass and fail on the DCCS (Espinet,
Anderson, & Zelazo, 2012).

In particular, 3- to 4-year-old children who switched flexibly on the DCCS showed smaller ampli-
tude N2 components of the event related potential (ERP), on both pre- and post-switch trials. N2
amplitude has consistently been associated with neural activity in the anterior cingulate cortex (ACC)
and right orbitofrontal cortex in a variety of paradigms, including Go-Nogo tasks, flanker tasks, and
the DCCS (e.g., Botvinick, 2007; Botvinick, Braver, Barch, Carter, & Cohen, 2001; Lahat, Todd, Mahy, &
Zelazo, 2010; Nieuwenhuis, Yeung, Van Den Wildenberg, & Ridderinkhof, 2003; Rueda et al., 2004;
Waxer & Morton, 2011; Yeung & Nieuwenhuis, 2009). Lamm, Zelazo, and Lewis (2006) found that the
reductions in N2 amplitude typically seen as children get older were better predicted by perfor-
mance on independent measures of EF than by age per se.

The smaller N2 amplitudes in children who successfully switch on the DCCS suggest that children
who pass the DCCS resolve the conflict inherent in the task more efficiently than children who fail.
According to Espinet et al. (2012), children with better EF skill detected the conflict on early trials (indeed,
on pre-switch trials), and this initiated reflection and the formulation and maintenance in working
memory of a higher-order rule (mediated by lateral prefrontal cortical networks) that effectively re-
solved the conflict inherent in the stimuli and down-regulated ACC activation (cf. Botvinick et al., 2001).

Predictions of the IR model

Key aspects of the IR model have been captured in mathematical and computational models, leading
to testable predictions that have since received empirical support (e.g., Marcovitch & Zelazo, 2009).
This material has been reviewed elsewhere (e.g., see Zelazo, 2008; see Cunningham & Zelazo, 2010;
Zelazo, 2008, for further predictions derived from this perspective). This final section highlights just
two examples.
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Prediction 1: labeling one’s perspective on a situation should facilitate reflection, which should in turn
improve cognitive flexibility

The IR model implies that EF is mediated in part by language, which is used for the formulation
and use of higher-order rules. It was noted previously that articulatory suppression impairs flexible
rule use, resulting not just in random errors but rather in less flexible behavior based on a simpler
set of rules (e.g., Emerson & Miyake, 2003; Kray et al., 2008). In most samples, EF skill is also related
to measures of language acquisition or skill (e.g., Jacques & Zelazo, 2005).

The IR model also suggests that the use of language to label one’s perspective on a situation nec-
essarily makes that perspective an explicit object of consideration, which corresponds to reflecting
on that perspective. From a new, more reflective perspective it is possible to consider the initial per-
spective in relation to other possible perspectives. Jacques (e.g., see Jacques & Zelazo, 2005) tested
this potentially counter-intuitive prediction using the Flexible Item Selection Task (FIST). On each trial
of the FIST, children are shown sets of 3 items designed so one pair matches on one dimension, and
a different pair matches on a different dimension (e.g., a small yellow teapot, a large yellow teapot,
and a large yellow shoe). Children are first told to select one pair (i.e., Selection 1), and then asked to
select a different pair (i.e., Selection 2). To respond correctly, children must construe the pivot item
(i.e., the large yellow teapot) flexibly, according to both dimensions. Four-year-olds generally perform
well on Selection 1 but poorly on Selection 2, indicating inflexibility (Jacques & Zelazo, 2001). Ac-
cording to the IR model, the 4-year-olds who show inflexibility fail to step back and reflect on their
Selection 1 perspective. The IR model predicts that asking children to label their perspective on Se-
lection 1 (e.g., “Why do those two pictures go together?”) should cause them to make their Selection 1
perspective an object of consideration, thereby stepping outside of that perspective, making it pos-
sible to adopt a different perspective on Selection 2. Alternatively, one might propose that labeling
the Selection 1 perspective would reinforce attention to that perspective, making it more salient and
possibly harder to inhibit. In fact, labeling Selection 1 was found in a series of experiments to facili-
tate flexibility, and this was true whether children provided the label themselves or whether the
experimenter generated it for them. These results suggest that labeling facilitates children’s reflec-
tion on their initial construal of the stimuli.

Prediction 2: training reflection and rule use should improve EF skill

Research in developmental neuroscience suggests that neurocognitive development can be seen
as a dynamic process of adaptation wherein neural systems are constructed in a largely use-
dependent fashion. When we use our brains in particular ways, the neural circuits upon which we
rely become more efficient. Fibers connecting regions within a network (and between networks) are
myelinated when used, and unused synapses are pruned. The human brain is an inherently plastic
organ, continually adapting to its environment, but there are periods of relatively high plasticity (often
called “sensitive periods”) when particular regions of the brain and their corresponding functions are
especially susceptible to environmental influences. These periods typically correspond to times of rapid
growth in those regions and functions, when relevant neural regions are adapting especially rapidly
to structure inherent in the environment (Huttenlocher, 2002). Because EF undergoes a particularly
rapid transformation during early childhood (Zelazo et al., 2013), the preschool period may be a window
of opportunity for the cultivation of fundamental EF skills via well-timed, targeted scaffolding and support.

The IR model predicts that scaffolded practice reflecting and formulating a higher order rule should
lead to the more efficient use of these skills in the future. According to the model, reflection and rule
use are the most promising targets of interventions designed to improve EF. In fact, interventions that
have been shown to improve EF skills tend to require children to pause momentarily and reflect before
responding. They also generally involve repeated practice; and they get progressively more challeng-
ing as children improve. Diamond and Lee (2011) reviewed a wide variety of interventions targeting
EF and found considerable evidence that EF skills can be improved through practice and the exercise
of those skills in a wide variety of contexts, including computer-based games, aerobics, martial arts,
yoga, mindfulness, and school curricula. This evidence has helped clarify the conditions that support
the healthy development of EF, and sheds light on the mechanisms that underlie developmental change.

Espinet et al. (2013) used an experimental design to test specific predictions derived from the IR
model. Children who failed the DCCS were given a different version of the DCCS (with different shapes
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and colors) and taught to pause before responding, reflect on the hierarchical nature of the task, and
formulate higher-order rules for responding flexibly: “In the color game, then if it's a green pig, then
it goes here; but in the shape game that same green pig goes there.” Compared to children who re-
ceived only minimal yes/no feedback (without practice in reflection) and to children who received mere
DCCS practice with no feedback at all, children who received reflection training showed significant im-
provements in performance on a subsequent administration of the DCCS. Improvements were also
seen on other tasks, including a measure of flexible perspective taking (a false belief task), and these
behavioral changes were accompanied by predictable changes in children’s brain activity, specifical-
ly a reduction in the amplitude of the N2 component in the ERP (see previous section on Detection
of Uncertainty). This suggests that reflection training leads not only to improvements in children’s EF
but also to changes in the amplitude of their N2 responses so that those responses resemble those of
children who pass (Espinet et al., 2013). In terms of the IR model, reflection training facilitated re-
flection, which led to the more efficient and effective formulation and maintenance in working memory
of a higher-order rule (mediated by lateral prefrontal cortical networks), and this in turn resolved the
conflict inherent in the stimuli and down-regulated ACC activation (cf. Botvinick et al., 2001).

This example illustrates another important characteristic of the IR model: the dynamic interac-
tion between top-down influences on behavior, such as EF skills, and a wide range of more bottom-
up influences on behavior. Relatively rapid, automatic, bottom-up neurocognitive responses (e.g., the
N2-indexed ACC response to conflict) appear to influence relatively slow, voluntary, top-down EF pro-
cesses (e.g., by triggering the PFC activation underlying reflection), and these processes, in turn, appear
reciprocally to influence the more bottom-up influences (e.g., reduction in N2 amplitude).

This research also suggests that it is possible to train high-level skills like reflection and cognitive
flexibility, with corresponding neural changes that may reflect myelination, dendritic thickening, and
synaptic pruning. A consequence is that trained networks become more efficient, so reflection and
executive function occur more automatically and more quickly, providing more time for thoughtful
reflection prior to overt action or to decision making.

Conclusion

EF is increasingly recognized as a foundational skill that makes it possible for children to adapt
more effectively to the challenges they face. During the past decade, there has been considerable pro-
gress toward a more complete understanding of EF and its development during childhood. Research
is revealing the way in which experience shapes the neural circuitry underlying EF, and interven-
tions targeting reflection have the potential to help children at risk for a wide range of difficulties.
Successful interventions provide children with opportunities to reflect on situations prior to acting,
and there is evidence that the processes involved in reflection become more efficient with practice.

The IR model provides a theoretical framework with which to understand EF skills at multiple levels
of analysis (cognitive, neural, emotional, phenomenological). Future research may usefully be di-
rected at understanding more precisely the role that EF plays in learning, but the research reviewed
suggests that EF skills play an important role in allowing children more effectively to learn from ex-
perience, and also that these skills may be cultivated during childhood by interventions targeting
reflection and rule use.
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