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Abstract

The Dimensional Change Card Sort (DCCS) is a widely used measure of executive function in
children. In the standard version, children are shown cards depicting objects that vary on two
dimensions (e.g., colored shapes such as red rabbits and blue boats), and are told to sort them first
by one set of rules (e.g., shape) and then by another (e.g., color). Most 3-year-olds persist in
sorting by the pre-switch rules, whereas 5-year-olds switch flexibly. We conducted a meta-
analysis of standard and experimental versions of the task (N = 69 reports, 426 conditions) to
examine the influence of diverse task variations on performance. Age, how the test stimuli were
labeled for the child, emphasis on conflict in the verbal introduction of the post-switch rules, and
the number of pre-switch trials each independently predicted switching on the standard DCCS,
whereas pre-switch feedback, practice, and task modality did not. Increasing the relative salience
of the post-switch dimension was associated with higher rates of switching, and, conversely,
decreasing post-switch salience was associated with lower rates of switching, and under both
kinds of manipulation performance continued to be associated with age. Spatially separating the
dimensional values was associated with higher rates of switching, and it was confirmed that the
degree of spatial separation matters, with children benefiting most when the dimensional values
are fully spatially segregated. Switch rates tended to be higher in versions on which children were
prompted to label the stimuli compared to when the experimenter provided labels, and lower when
reversal instructions were used in conjunction with the standard task stimuli. Theoretical and
practical implications for the study and measurement of executive function in early childhood are
discussed.
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Introduction

Being able to flexibly control our thoughts, actions, and emaotions, especially in the face of
conflicting habits and desires, is a key developmental achievement. Children are notorious
for struggling with control, showing difficulty with simple tasks like sitting still and
listening, raising their hand instead of blurting out thoughts, and flexibly switching from one
activity to another. This skill, termed executive function (EF), develops markedly in the
early childhood years (Carlson, 2005; Diamond, 2013; Zelazo et al., 2013), and can be
described as the top-down, neurocognitive processes involved in goal-directed behavior,
including inhibition of habitual or dominant responses, shifting between tasks or mental sets,
and monitoring and updating information in working memory (Miyake & Friedman, 2012;
Miyake et al., 2000). EF supports the development of a range of social and academic skills
in childhood (e.g., theory of mind, math, and reasoning; Carlson & Moses, 2001; Hughes,
1998; Mazzocco & Kover, 2007; Richland & Burchinal, 2012) and also predicts numerous
outcomes associated with success in adulthood (e.g., academic achievement, health, and
wealth; Blair & Razza, 2007; Moffitt et al., 2011). Not surprisingly, deficits in EF can have
wide-ranging negative consequences for adaptive functioning in children and adults (e.g.,
Bechara, Damasio, Damasio, & Anderson, 1994; Biederman et al., 2004; Pennington &
Ozonoff, 1996). Given its central importance to healthy human functioning and
development, gaining insight into the nature of EF and developing sensitive tools to measure
it are key research goals.

One task that has been widely used in research on the development of EF in early childhood
is the Dimensional Change Card Sort (DCCS) task (Frye, Zelazo, & Palfai, 1995; Zelazo,
2006; see Fig. 1). In the standard DCCS (see Zelazo, 2006 for a complete description of the
most commonly used and recommended procedure), children are shown two target cards
(e.g., a blue rabbit and a red boat) and then presented with a series of test cards (e.g., red
rabbits and blue boats) that they are instructed to sort according to one of the dimensions
(e.g., by color). On each trial, the experimenter repeats the relevant rules, labels the test card
by the relevant dimension, and gives the card to the child to sort. After several trials
(typically 5 or 6), children are instructed to sort by the other dimension (e.g., shape). Three-
year-olds tend to perseverate and continue to sort the cards according to the initial sorting
rules. By contrast, typically developing 5-year-olds tend to switch flexibly. This task is often
described as a measure of cognitive flexibility or set-shifting, and, like most measures of set-
shifting, performance on the DCCS likely involves several aspects of EF, including working
memory to maintain the rules in mind, and inhibitory control to suppress attention to the
previously relevant dimension.

Over the past two decades, the DCCS has been used in over 150 studies and has been
modified in theoretically motivated ways to examine cognitive mechanisms that underlie
switching and EF. Developmental theories of EF that address the DCCS have focused on
reflection and rule complexity (Zelazo, Miiller, Frye, & Marcovitch, 2003), attentional
inertia and inhibition (Kirkham, Cruess, & Diamond, 2003), representational redescription
(Kloo & Perner, 2005), and working memory (Morton & Munakata, 2002).
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On the Cognitive Complexity and Control-Revised account (CCC-r; Zelazo et al., 2003),
successful switching requires the formulation and use of a higher-order rule for switching
between dimensions (e.g., If it’s the color game, then the red ones go here and the blue ones
go there; but if it’s the shape game, then the rabbits go here and the boats go there), which
is achieved through developmental increases in reflection. Zelazo et al. (2003) examined
performance on more than a dozen versions of the task to test theoretical predictions. For
example, they tested the hypothesis derived from the CCC-r theory that a hierarchical rule is
needed whenever rules are nested under different setting conditions (i.e., contexts that
specify when it is appropriate to use a given rule), and found that children experienced
difficulty switching in a modified version in which they needed to switch from sorting a
single test card by shape to sorting it by color (e.g., sorting a green car with a green flower
and switching to sorting it with a yellow car), and that children switched more on a version
in which the rules conflicted but were not nested under different setting conditions (e.qg.,
sorting a red and blue test card with a blue target card and then switching to sorting it with a
red test card; Zelazo et al., 2003; Expts. 4 and 5).

By contrast, the Attentional Inertia account posits that children perseverate not because of
the failure to construct a higher-order rule, but because they cannot inhibit the tendency to
think of the stimuli in a particular way and continue to attend to the pre-switch dimension
(Kirkham et al., 2003). This account has been tested by modifying the DCCS procedure such
that the sorted test cards were left face-up in the sorting tray, which was hypothesized to
increase the demands placed on children’s fledgling inhibitory control. Results indicated that
children were less likely to switch when the test cards were left face up. In another
experimental condition, children were prompted to label the test cards themselves, which
was expected to help children refocus attention to the new sorting dimension in the absence
of a developed inhibitory mechanism, and, consistent with this hypothesis, children switched
more often in this condition vs. when the experimenter labeled the card for them.

A related developmental theory of EF is the representational redescription account, which
suggests that children’s difficulty on the DCCS lies in their inability to appreciate that a
single stimulus can be described differently from different perspectives (Kloo & Perner,
2005; Perner & Lang, 2002). One way this account has been assessed is by separating the
depicted dimensional values on the test and/or target cards (e.g., a blue filled circle next to
an outline of a banana, as in Kloo & Perner, 2005; see also Diamond, Carlson, & Beck,
2005). In this version, children do not have to change how they think about the stimuli in
order to sort correctly (the blue thing is always the blue thing and the banana always a
banana), and, consistent with the redescription account, children were more likely to switch
on this version than on the standard task (Diamond et al., 2005; Kloo & Perner, 2005).

Others have argued that the ability to overcome perseveration depends on the development
of sufficiently strong active representations that correspond to current goals. On the active—
latent account (Morton & Munakata, 2002; Munakata, 1998), the ability to actively maintain
information in working memory develops, and switching on the DCCS occurs when the
actively maintained rules outcompete latent representations that correspond to the practiced
pre-switch rules. One way this theory has been tested is by having children sort novel
dimensional values during the pre-switch phase (i.e., unfamiliar colors or shapes), and
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familiar values during the post-switch phase (Yerys & Munakata, 2006). This was expected
to result in children forming relatively weak latent representations of the pre-switch rules
that young children’s active representations could compete with. Children tended to switch
more in this condition vs. the standard task in which the dimensional values in both phases
were familiar.

The extensive literature that has accumulated on the DCCS presents a unique opportunity to
synthesize, clarify, and extend the findings of primary studies by examining the influence of
a range of variations to both the standard and experimental versions of the task. Gaining
further insight into the variations that influence switching has the potential to be both
theoretically and practically significant. A meta-analysis of the DCCS can confirm
theoretically relevant findings and also bring clarity in cases where there has been
inconsistency both by aggregating across primary studies to reduce sampling error and
increase precision in estimates (Hunter & Schmidt, 2004), and by including unpublished
studies in an effort to address the bias to publish only positive results (Borenstein, Hedges,
Higgins, & Rothstein, 2009; Ferguson & Heene, 2012; Lipsey & Wilson, 2001). It can also
extend the findings of primary DCCS studies by classifying them in meaningful ways and
examining patterns of performance across classes, which may, in turn, yield new findings in
need of interpretation.

A meta-analysis of the DCCS can also provide practical insights that can inform the
development of reliable, developmentally sensitive measures of EF. In addition to
experimental manipulations designed to test hypotheses derived from specific theories,
researchers have introduced variations to the standard task to address more practical
concerns, such as the desire to maintain children’s interest in the task and ensure their
understanding of the rules (e.g., how the experimenter labeled the test card, feedback on
sorting during pre-switch phase, etc.). Determining the influence of such variations would
provide new information on this widely used task, as well as new ideas about how changes
to this and other EF tasks might be introduced to adjust EF demands. These insights can
inform the development of measures to address various research aims, including measuring
individual differences in EF, and also sensitively measuring change in EF across
development and following interventions. In the following sections, we briefly describe key
task variations that might be expected to influence performance on the DCCS.

Task variations in standard versions of the DCCS

Card labeling procedure

In the majority of studies involving the DCCS, the test card has been labeled by the relevant
sorting dimension only (e.g., “Here is a rabbit. Can you put it where it goes [in the shape
game]?™). In some studies, however, the test card has been labeled by both dimensions (e.g.,
“Here is a red rabbit”). This difference in the labeling procedure is subtle, but there are
reasons to expect that it might affect performance. Prior research has found that providing
children with labels that highlight task-relevant information facilitates their performance on
cognitive tasks (Dedk & Bauer, 1996; Miiller, Zelazo, Hood, Leone, & Rohrer, 2004).
Moreover, research with older children and adults indicates that using labels to highlight
task-relevant information aids performance on more challenging task-switching paradigms
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(Kray, Eber, & Karbach, 2008; Kray, Kipp, & Karbach, 2009). On the other hand, others
have found evidence that relevant labels can hurt performance. One hypothesis, following
from the active-latent account (Morton & Munakata, 2002; Munakata, 1998), is that labeling
the pre-switch dimension strengthens active representations of the pre-switch rules, which in
turn reinforces latent representations of those rules (Yerys & Munakata, 2006). Consistent
with this suggestion, removing the relevant labels from the pre-switch phase has been found
to improve switching compared to when relevant labels are provided in both phases (Yerys
& Munakata, 2006).

Verbal emphasis on conflict between rules

Another subtle but potentially powerful task variation is the degree to which the contrast
between the games is emphasized verbally at the introduction of the post-switch phase. In
the standard DCCS protocol, the post-switch phase is introduced by announcing a new
game, contrasting the two games explicitly, and then introducing and repeating the new rules
(Zelazo, 2006; see Fig. 1 for the most commonly used version of the standard script). Other
researchers have used language to further highlight the contrast between the conflicting rules
in several additional ways, such as further emphasizing which game is not being played
(e.g., “We’re not playing the color game anymore, no way”; Munakata & Yerys, 2001),
stating explicitly which rules are not to be used (Bohlmann & Fenson, 2005), and noting the
novelty or distinctiveness of the new game (e.g., “The shape game is different”; Kloo &
Perner, 2005; Munakata & Yerys, 2001). Highlighting the conflict between the games could
lead to more flexible switching by providing additional opportunities for reflection on the
hierarchical structure of the task and the incompatibility of the rules, which, according to the
CCC-r theory, is critical to being able to effectively use rule representations to guide action.
Perception of conflict has been theorized to trigger the activation of top-down control
(Botvinick, Braver, Barch, Carter, & Cohen, 2001), initiating reflective reprocessing in
prefrontal cortex (Cunningham & Zelazo, 2007), and individual differences in performance
on the DCCS have been found to be related to the amplitude of a neural marker of conflict-
detection (the N2 component of an event-related potential; Espinet, Anderson, & Zelazo,
2011).

Pre-switch feedback

In a number of studies using the standard DCCS, children have been provided with feedback
(i.e., praise or verbal correction) on their performance during the pre-switch phase (e.g.,
Carlson & Moses, 2001; Kloo & Perner, 2005; Zelazo, Frye, & Rapus, 1996). Insofar as it
provides explicit information about the correctness of sorting, pre-switch feedback might be
expected to strengthen the formation of active representations of the pre-switch rules, which
could in turn lead to the formation of stronger latent representations compared to conditions
in which no such feedback is provided. The increased competitive strength of these
representations against the active representations of the post-switch rules might then make
switching more difficult. On the other hand, consistent with the CCC-r account, feedback
might prompt more explicit awareness of the pre-switch rules (i.e., knowing that one is
sorting by color rather than shape), which in turn could support subsequent flexible
switching.
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Number of pre-switch trials

Researchers have also varied the number of trials administered during which children sort
according to the pre-switch rules. This has ranged from 1 to 15, with most researchers
administering 5 or 6 trials. On the active-latent account, one would expect that each
additional pre-switch trial would lead to incremental increases in perseveration, as the
strength of latent rule representations is increased. This would be consistent with what has
been found in the A-not-B task (Marcovitch & Zelazo, 1999) and with the notion of habit
strength increasing with repeated behavior (Hull, Felsinger, Gladstone, & Yamaguchi,
1947).

Pre-test practice

Many studies using the DCCS have included a practice phase prior to having children
complete the DCCS proper. This practice typically involved asking children to sort test
cards that match target cards only on the relevant dimension and cannot be sorted based on
the other dimension (e.g., practicing the color game by matching a blue truck to a blue bird
and a red star to a red bird; Diamond et al., 2005). Although such practice procedures are
typically brief, it is possible that they could influence children’s performance. If some
children fail to switch on the DCCS due to a failure to understand the basic sorting rules,
then one would expect practice to be associated with better performance. More interesting is
the possibility that practice might strengthen representations of different sorting dimensions,
like shape and color, which could in turn facilitate switching. On the CCC-r theory, practice
could aid switching by providing children with sorting experience that could inform
reflection on the task structure (i.e., that one can sort the same stimulus by color or by
shape). Similarly, such practice could help children understand that the same stimulus can be
thought of as a red thing or a round thing, consistent with the representational redescription
account.

Task variations in experimental versions of the DCCS

Perceptual salience

Salience refers to those properties of a perceived stimulus that attract attention, and that
“stand out” to a typical, healthy observer. For example, a bright red ball against a white
background would be relatively salient to an ordinary perceiver, as would a sudden loud
noise. Salient stimuli might be expected to exert an influence on attention and behavior in a
relatively automatic, bottom-up fashion. In the standard DCCS, the pre- and post-switch
stimuli and dimensions are presumed to be equally salient initially, so that children are not
systematically biased toward one target card or toward sorting by one of the two dimensions.
Numerous studies have manipulated properties of the pre- and/or post-switch stimuli in
ways that might be expected to influence perceptual salience. For example, in one study
flankers that depicted dimensional values corresponding to the post-switch rules were added
to the test cards in the post-switch phase with the expectation that they would reduce the
degree of conflict that children needed to resolve in order to overcome perseveration (Jordan
& Morton, 2008; see Fig. 2a). Children switched more in this version compared to a control
task with neutral flankers on the cards. In other studies, the salience of the pre-switch
attributes in the post-switch phase has been reduced (e.g., by reducing the distinctiveness of
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the color values; Fisher, 2011a). In some cases, the relative salience of the two phases has
been modified while testing other hypotheses. For example, Fisher (2011b) had children
shift from sorting by shape (e.g., matching a mushroom with a similarly shaped open
umbrella) to sorting by concept (matching an open umbrella with a closed umbrella), the
latter being potentially weaker in perceptual salience. Examining salience modifications to
the DCCS in the context of a meta-analysis can confirm and potentially extend the findings
of primary studies by providing information on the degree to which such manipulations
influence switching, and how they might affect the relation between switching and age.

Dimensional separation

Another way the DCCS has been modified is by spatially separating the dimensions on the
test and/or target cards (see Fig. 2b for an example). Interest in dimensional separation and
its influence on cognition has a long history (Garner, 1974; Garner & Felfoldy, 1970; Smith
& Kemler, 1978; see Hanania & Smith, 2010, for a review) and recently has been explored
in relation to EF (Diamond et al., 2005; Kloo & Perner, 2005; Zelazo et al., 2003).
Separation of the dimensional values has generally been associated with better performance
on the DCCS, and there are different interpretations about why this might be. For example,
Kirkham et al. (2003) and Kloo and Perner (2005) have suggested that separating the values
means that children do not have to change how they think about the stimulus, which they
argue is the key difficulty accounting for young children’s performance on this task.
Another possibility is that separating the dimensional values reduces conflict by making it
possible to attend to a single dimensional value with less interference from the competing
dimensional value. Evidence for this kind of account has been found with adults on the
Stroop task, where spatial separation of stimulus dimensions is associated with reduced
conflict as evidenced by faster reaction times (MacLeod, 1991).

A meta-analysis can provide further insight about how separating the sorting dimensions
affects children’s performance. One way that separated versions of the task vary is in the
amount of spatial distance between the dimensional values. In some modifications, the
values are completely spatially segregated, such that the color value is presented on one half
of the card and the shape value is presented on the other (e.g., Zelazo et al., 2003; Kloo &
Perner, 2005). In other modifications, there is some degree of visuospatial contiguity (e.g.,
the color represented as a circle surrounding the shape, or the color forms the background on
which the shape is imposed; e.g., Diamond et al., 2005; Kloo, Perner, Aichhorn, &
Schmidhuber, 2010). On Kloo and Perner’s representational redescription account, children
might be expected to perform comparably across these two kinds of modifications since in
both cases the need to consider a single stimulus from two perspectives is removed. On the
other hand, if children experience more difficulty when the dimensions are not completely
spatially segregated, this would indicate that some of their difficulty with the standard
version could be attributed to factors other than representational inflexibility. For example,
difficulty may vary with spatial proximity such that the more proximal the values, the more
likely they will both receive attention, which in turn may activate both the relevant and
irrelevant rules. The partially spatially separated versions would still be easier than the
standard because children can focus attention more exclusively on the relevant dimension
than in the standard version. A meta-analysis may be particularly informative on this
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question since this specific parameter was not manipulated within studies to test the
influence of the degree of spatial separation, and thus the included conditions are more
likely to be representative of the range of effect sizes.

Alternate versions

In addition to the experimental manipulations described above, many other modified
versions of the DCCS have been created to test different theories (e.g., Zelazo et al., 2003;
Kirkham et al., 2003; Perner & Lang, 2002). This affords the opportunity to further examine,
at the meta-analytic level, whether performance on these versions differs from performance
on the standard version. Specifically, a meta-analysis can clarify previous findings by
reducing sampling error, increasing statistical power to detect an effect given a larger
aggregate sample, and controlling for other factors that may have varied across studies, such
as age. The supplemental material lists all versions of the DCCS considered for inclusion in
the meta-analysis, with brief descriptions of the modification(s) made to the task stimuli
and/or procedure. This includes versions that, while not identical, can be grouped together
conceptually. For example, ‘hot” versions of the DCCS, in which the motivational and/or
emotional context of the task is enhanced (Zelazo & Carlson, 2012), have been created in a
variety of ways, such as by using stimuli that signify potential rewards (Beck, Schaefer,
Pang, & Carlson, 2011) or emotions (Qu & Zelazo, 2007). Meta-analyzing children’s
performance on these different versions can confirm whether findings from individual
reports hold when aggregated and compared to a more precise estimate of children’s
performance on the standard task.

The current study

Method

The aim of the current study was to conduct a series of meta-analytic tests to systematically
examine the influence of diverse task variations on children’s performance on both standard
and experimental versions of the DCCS in order to (a) confirm and extend theoretically
relevant findings and (b) provide new information that could be useful for researchers
seeking to create developmentally sensitive measures of EF to address a range of research
goals. To pursue this aim, we conducted a series of weighted multiple meta-regression
analyses on subsets of the data. First, we examined the effects of a range of variables
(described above) on switching performance on the standard DCCS. Next, we examined
performance on experimentally modified versions that varied dimensional separation and
relative perceptual salience across task phases. Finally, we explored performance on several
alternate versions of the task using both multiple regression and descriptive analyses.

The unit of analysis in the current study was conditions within experiments, and the
dependent variable was the proportion of children passing the post-switch phase within a
condition. By using a single dependent measure for all conditions included in the meta-
analysis, we were able to avoid the interpretational limitations associated with transforming
reported inferential statistics (Borenstein et al., 2009).
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Data collection

Aggregation of relevant published and unpublished studies was pursued using several
strategies. First, thorough literature searches were conducted using databases such as
PsyclInfo and Google Scholar and using search terms that were broad enough to err on the
side of being overly inclusive, such as Dimensional Change Card Sort (and all variants and
abbreviations) and child (and variants) paired with terms such as executive function, EF,
inhibitory control, set shifting, and task-switching. All relevant research reports were
reviewed for additional citations and efforts were made to locate any article that appeared to
report data from the standard DCCS or experimental variants. We also located studies by
reviewing citations of early empirical reports involving the DCCS (e.g., Zelazo et al., 1996)
as well as protocols and reviews (e.g., Zelazo, 2006) that were likely to be cited by
researchers using the task. Abstracts from recent conferences that were likely to include
empirical research in the area of cognitive development (e.g., meetings of the Society for
Research in Child Development, Cognitive Development Society, Jean Piaget Society) were
reviewed and authors of papers reporting DCCS data were contacted to solicit further
information. Special effort was made to locate unpublished data because of the potential for
publication bias to affect the reliability of the analysis (Borenstein et al., 2009; Littell,
Corcoran, & Pillai, 2008; Rosenthal, 1979). Efforts to find relevant reports concluded in
October 2012; no reports published after that time were included in the meta-analysis.

Inclusion criteria

Conditions had to meet a minimal set of criteria to be included in the meta-analysis in order
to permit meaningful comparison with other conditions (Borenstein et al., 2009; Lipsey &
Wilson, 2001; Littell et al., 2008). First, studies had to report the dependent variable of
interest, the proportion of children passing the post-switch phase. Second, given that age
was a primary variable of interest, the results had to be reported by age split by year (e.g.,
proportion passing reported for 3-year-olds and 4-year-olds separately). In studies where this
was not done, the authors were contacted and a request was made for the data split by year
of age. In cases where this information was not available, the study condition was excluded
from the meta-analysis. Third, because the questions guiding the meta-analysis focused on
typically developing children, we excluded the few studies that only reported data on
atypical samples, such as children with autism. Fourth, because the meta-analysis focused on
standard and modified versions of a specific task, it was critical to evaluate studies carefully
to ensure that they retained essential properties of the DCCS so that meaningful comparisons
across conditions could be made. For example, because the dependent variable in the meta-
analysis was proportion switching (i.e., passing the post-switch phase), to be included in the
meta-analysis, tasks had to involve sorting and have distinct pre- and post-switch phases
with a change in rules in the post-switch phase. Tasks also had to involve at least two sorting
locations, physical or virtual (as in the case of computerized versions). Fifth, to avoid
dependency among conditions, which would compromise the analysis by violating statistical
assumptions and increasing the risk of type | error (Borenstein et al., 2009; Lipsey &
Wilson, 2001; Littell et al., 2008), repeated administrations of the same task to a single
group were excluded from the analysis. Sixth, because the standard version of the DCCS
was designed for use with typically developing 3- to 6-year-olds and because the vast
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majority of studies involve age groups within this range, conditions involving children aged
7 years and older were excluded.

Ninety-nine reports were considered for inclusion in the meta-analysis, yielding 615
conditions, of which 189 conditions were excluded given the criteria for inclusion listed
above. The final sample included 69 reports and 426 conditions. See Table 1 for a list of all
the studies included in the meta-analysis.

Coding of condition attributes

Conditions that met inclusion criteria were coded on the key independent variables
described in the introduction. Some of these variables were readily extractible from reports
(e.g., the number of pre-switch trials, publication year) and others were coded based on
explicit criteria. Details regarding the coding scheme that was used are provided in the
supplemental materials. In addition, three control variables were coded that had the potential
to be confounded with the independent variables of interest: the year in which the study data
were reported; the criterion used in a given study to judge whether the child had
successfully switched/passed the task; and the modality in which the task was administered.
Year of report was included to address the possibility that the initial effects found using the
DCCS paradigm diminished over time, consistent with the decline effect (Schooler, 2011).
Pass criterion was included to account for the possibility that children are more likely to pass
the task when the criterion for passing is relaxed (e.g., 80% of cards sorted correctly vs.
88%). Task modality was included to account for possible variance due specifically to the
format of the task (e.g., computer or tabletop). While there was no specific prediction
regarding the computerized format, it was important to control for this variable because
some experimental manipulations may have incidentally covaried with task modality. All
conditions were coded by the first author and 20% were randomly selected and recoded by a
research assistant with limited knowledge of the aims of the meta-analysis, the DCCS
literature, or the hypothesized outcomes. Cohen’s x for all variables except degree of post-
switch salience, separation, and conflict emphasis was 1.0, indicating perfect inter-rater
reliability. Cohen’s x for the other three variables was between .91 and 1.0, indicating
excellent inter-rater reliability on these variables. Discrepancies between coders was
resolved through discussion of relevant cases.

Several variables of potential interest could not be coded and analyzed in the meta-analysis
due to lack of variability or detail. For example, of potential interest is whether the
procedure for restating the rules influences performance; however, we found that the vast
majority of studies used the same procedure of repeating the rules on every trial. Other
potential variables of interest such as which dimension children sorted by first (shape vs.
color) and demographic variables like socioeconomic status, gender, and ethnicity, could not
be coded due to insufficient detail provided in the reports. For example, most researchers
reported that their samples were from middle- to upper-middle-class backgrounds; however
specific information about the samples was generally not provided for the studies as a whole
or by study condition.
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Analytic approach

Results

We conducted inverse-variance-weighted multiple regression analyses on four subsets of the
data: standard versions; standard and salience versions; standard and separated versions; and
standard and alternate versions. Each set of analyses included the following covariates: age,
year, pass criterion, and task modality. The regression analyses were followed up with
bootstrap analyses to confirm key findings. In each analysis, the independent variables were
entered simultaneously, given the absence of an a priori rationale for entry in stages and to
minimize the risk of type | error. This approach was also selected to maximize the
informativeness of the analysis: given that independent variables in meta-analyses tend to be
confounded to some degree (Lipsey & Wilson, 2001), by entering the variables into the
model all at once, one can more clearly see whether a given independent variable predicts
variance in the dependent variable, controlling for effects of all other independent variables.

To satisfy the assumption of linearity that underlies regression, raw proportions were
transformed into logits using the natural log (Lipsey & Wilson, 2001). Transforming the
data rendered it appropriate for linear regression by increasing its range from negative
infinity to positive infinity, as opposed to the restricted range between 0 and 1 that
characterizes proportional data. While logits are not as intuitive as raw scores, they can be
converted to back into proportions and odds ratios for interpretation.

Random effects inverse-variance-weighted multiple regression was used, as it was expected
that the distribution of effect sizes (logits) would be heterogeneous, given both identifiable
and unknown sources of between-condition variance. Random effects models use inverse
variance weights that include variance components corresponding to subject-level sampling
error and random effects between study conditions, while also assuming that some variance
between study conditions is systematic and can be accounted for (Lipsey & Wilson, 2001).
A model with a random variance component is preferable to a fixed effects model, which
assumes a homogeneous distribution of effect sizes and, despite having more power to
detect the influence of moderators, increases the rate of type | error. Heterogeneity was
assessed using Cochrane’s Q tests, which were conducted on each subsample of the data to
be analyzed. In all cases, the presence of heterogeneity was confirmed, Qs > 311.43, ps <.
001.

Another common issue in meta-analysis is multicollinearity, which reduces the accuracy of
the regression coefficients, increases the risk of type | error, and makes it difficult to discern
whether a given predictor is driving an effect. This was assessed separately for each subset
of the data by computing Variance Inflation Factors (VIF). For all predictors, VIFs were less
than 2, indicating the relative absence of multicollinearity.

Analysis of standard conditions

We first examined the relation between age and performance on the standard DCCS, and as
expected, there was a robust correlation between age and the proportion of children passing
the task, r(190) = .66, p <.001. Fig. 3 illustrates the marked age-related improvement in
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switching. As shown, and subsequently confirmed by our full regression model, by around
48 months of age, 50% of children pass the standard DCCS.

Next, we conducted a multiple regression analysis including, in addition to age and the
previously described control variables, several independent variables of interest: labeling
procedure, conflict emphasis, pre-switch feedback, number of pre-switch trials, and pre-test
practice. Table 2 summarizes the results of the multiple regression and Table 3 shows the
covariate adjusted logits and mean proportions for all predictors. The full model predicted
that at 3.5 years of age, 41% of children pass the standard version, and that by 4.5 years 69%
pass. The model accounted for 58.51% of the variance in performance, about 14.55% more
variance than age accounted for on its own. Several variables predicted switching
performance over and above age. The test card labeling procedure predicted performance (p
<.001), such that children switched at higher rates when only the relevant dimension was
labeled vs. when both dimensions were labeled. Conflict emphasis also predicted switching
(p <.02), such that greater conflict emphasis was associated with higher switch rates.
Finally, the number of pre-switch trials was a significant predictor of performance (p = .03),
such that more pre-switch trials predicted lower rates of switching. Pre-switch feedback and
pre-test practice, on the other hand, were not significant predictors. The three control
variables also did not significantly predict switching.

Odds ratios for all significant predictors, controlling for all other variables included in the
model, were computed to provide estimates of effect size (see Table 2) and can be
interpreted as the change in the odds of passing the DCCS given a unit change in the level of
a predictor variable. For example, the odds of passing the task are 10.35 higher for a 5-year-
old vs. a 3-year old. Similarly, the odds of passing the task is 2.13 times higher if a child
sorts test cards that are labeled by the relevant dimension vs. test cards that are labeled by
both dimensions. Fig. 4 shows the relation between age and switching performance by
labeling procedure. Covariate-adjusted means presented in Table 3 indicate that children
who completed the standard DCCS with relevant labels are predicted to switch, on average,
at a rate of 54%, whereas children who received the version in which both dimensions are
labeled are predicted to switch at a rate of 35%.

Analysis of standard and salience conditions

Next we analyzed the standard version and all conditions coded as salience manipulations.
In addition to the control variables, age and post-switch salience were included as
independent variables. As summarized in Table 2, the analysis found main effects of age and
post-switch salience. The model accounted for 38% of the variance in performance, with 4%
attributable to relative post-switch salience. Results of a bootstrap analysis were consistent
with and confirmed these results. We conducted two separate follow-up multiple regression
analyses in which the salience variable was recoded into two dichotomous variables: high
vs. neutral, and neutral vs. low relative post-switch salience. Both of these variables were
significant predictors of performance over and above age, (3 = .19, p <.001, and § =-.13, p
<.01, respectively). Fig. 5a illustrates the relation between age and performance by degree
of post-switch salience.
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Analysis of standard and separated conditions

This analysis focused on conditions that varied in the degree of spatial separation of the
dimensional values on the test and/or target card, and included the three control variables,
age and degree of separation as predictors. As summarized in Table 2, age and degree of
separation significantly predicted switching, and a secondary analysis using bootstrapping
methods confirmed these findings. To further explore the influence of degree of separation
on switching, we conducted follow-up analyses in which degree of separation was recoded
into three variables to facilitate pairwise comparisons between partial separation, full
separation, and full integration (i.e., standard) conditions. These analyses found that only the
difference between fully separated and integrated conditions was significant, p = .18, p <.
001. There was a non-significant pattern indicating higher rates of switching in partially
separated vs. fully integrated conditions, § = .08, p = .14. Fig. 5b illustrates the relation
between age and switching by degree of separation.

Analysis of alternate versions

In our final set of multiple regression analyses, we examined whether particular alternate
versions of the task (beyond those examined so far) would predict variance in switching.
This was undertaken by comparing each of six alternate versions for which there were at
least eight conditions coded to the standard version in individual multiple regression
analyses. Table 2 summarizes these analyses (see the supplemental materials for brief
descriptions of these versions) and Table 4 presents the covariate-adjusted means of these
alternate versions. A preliminary analysis including all versions and the standard conditions
found that age and modality were significant predictors of switching. The individual
regression analyses therefore included age and modality in addition to the version under
analysis. Three alternate versions of the DCCS predicted significant variance in switching:
unidimensional reversal, target characters instead of cards, and goal neglect (in which some
post-switch test cards completely matched one target). In addition, there were marginally
significant findings involving the child label and bidimensional reversal versions. As
indicated in Table 2, the version in which children are prompted to label the test card as
opposed to the experimenter providing the label tended to be easier than the standard
version. A follow-up regression analysis that included labeling procedure to control for the
possibility that children performed better on the child label version because only the relevant
dimension was cued (e.g., in the shape game asking what shape was depicted on the test
card) found a similar pattern. The bidimensional reversal version, in which the stimuli
include irrelevant dimensional values and reversal shift instructions are provided (e.g.,
switching from “same” to “silly” game), tended to be more difficult than the standard
version.

Exploratory analyses suggest the characteristic age-performance relation might have been
influenced in these versions that significantly differed from the standard task. Controlling
for modality, age and proportion passing the task were significantly correlated for both the
unidimensional reversal and target character versions, rpartial(11) = .74, p < .01 and
Mpartial(10) = .66, p < .05, respectively; whereas there were no significant correlations
between age and performance on the observation version, rpartial(14) = .21, p = .45, and
Moartial(24) = .23, p = .26. This information could not be computed for the goal neglect
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version since all conditions were administered on the computer, but the simple bivariate
correlation showed no significant age-performance relation, r(12) = .11, p =.73.

Finally, we conducted descriptive analyses, reported in Table 5, on the remaining alternate
versions for which there were too few conditions to submit to multiple regression analysis
(see the supplemental materials for descriptions of each of these versions).

Discussion

The current study confirms and extends our knowledge about task variations affect
switching performance on the DCCS, a widely used measure of EF in childhood. In addition
to confirming that age is a robust predictor of switching on the standard version, labeling the
test card by the relevant dimension and verbally emphasizing the conflict between the pre-
and post-switch games were both positively associated with switching, whereas the number
of pre-switch trials was negatively associated with switching. Verbal feedback provided
during the pre-switch phase, pre-test practice, and task modality were not significant
predictors of switching on the standard task. Children also tended to switch more when the
post-switch dimension was more salient than the pre-switch dimension, and tended to switch
less when the post-switch dimension was less salient than the pre-switch dimension,
confirming the findings of primary studies. Similarly, we confirmed that spatial separation
of the dimensional values is positively related to switching, and extended prior research by
showing that this effect was stronger when values were fully spatially segregated on the test
card. We also confirmed that several alternate versions of the DCCS were more or less
challenging than the standard version, and found evidence suggesting children tend to switch
more when they label the test card themselves vs. when an experimenter provides the label.
Finally, we found new evidence that children tend to have more difficulty switching on the
standard, bidimensional task when the standard instructions are replaced by reversal
instructions. We discuss these findings in relation to developmental theories of EF and then
consider their implications for the development of sensitive measures of EF in childhood.

Task variations influencing performance on the standard DCCS

That age was a robust predictor of performance in all analyses further confirms the rapid
development of EF that occurs during the early childhood years. The magnitude of this
effect indicates a striking increase in switching between three and five years of age. An
important goal for future research is to further explore how much this transition represents
key changes in cognitive flexibility, and EF more broadly, at this age, and how well these
patterns generalize to more diverse samples.

That children switched more when the test card was labeled by the relevant dimension vs.
when it was labeled by both dimensions is consistent with previous findings that goal-
relevant labels aid cognitive flexibility. A plausible interpretation of this finding is that
relevant labels help children shift their attention to the relevant dimension in the absence of
an endogenous mechanism to support EF. This interpretation does not appear to challenge
any of the extant developmental theories of EF; however, it might be argued that children do
not perform better in the relevant label conditions because of the presence of the relevant
labels, but rather they do so because of the absence of the label referring to the conflicting
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dimension. This would be consistent with findings that removing relevant labels from the
pre-switch phase improves switching (Yerys & Munakata, 2006), as well as findings that
referring to both dimensions when asking children where the test cards go in the post-switch
phase results in more incorrect responses than when referring only to the relevant dimension
and diminishes the dissociation between knowledge and action (Munakata & Yerys, 2001).
On the active—latent account, labeling the conflicting dimension in the pre-switch phase
might not be expected to have any influence on performance, but doing so in the post-switch
phase would be expected to further activate latent representations of the pre-switch rules.
There are, however, other findings suggesting relevant labels aid performance on other tasks
and in other age groups (e.g., Dedk & Bauer, 1996; Kray et al., 2008; Kray et al., 2009;
Mdiller et al., 2004).

If it is indeed true that relevant labels help children switch on the DCCS, this would raise the
possibility that providing such labels might also help to foster the development of EF, which
would be consistent with the notion that EF has social origins and that external verbal
support for coordinated behavior fosters the development of children’s ability to use their
own speech to achieve the same ends (Winsler, Fernyhough, & Montero, 2009; Vygotsky,
1935/1962). Research with older children and adults is consistent with the idea that self-
directed speech is used to cue goal-relevant information and that this ability develops
(Chevalier & Blaye, 2009; Emerson & Miyake, 2003; Kray et al., 2008; Miyake, Emerson,
Padilla, & Ahn, 2004). Future research can examine whether labels that support switching in
the moment may also lead to longer term gains in flexibility.

Verbal emphasis on the conflict between the pre- and post-switch phases also predicted
higher rates of switching. This finding is consistent with the possibility that emphasizing the
conflict between the two games interacts with children’s fledgling capacity for reflection,
helping them to represent the hierarchical rule structure of the task and detect conflict
(Botvinick et al., 2001; Zelazo, 2004). Alternatively, such language, insofar as it emphasizes
which game is not being played, and further highlights the new rules, may influence sorting
behavior by helping orient attention away from the pre-switch dimension in the absence of
an inhibitory control mechanism (Doebel & Zelazo, 2013; Kirkham et al., 2003). Another
possibility is that the additional contrastive language provides children with more
opportunity to recognize that a change is occurring and that something different is coming
up, which may help children to clear the old rules from working memory and update to the
new rules. The ability to update to a new task set is known to play a role in EF in adults
(Miyake & Friedman, 2012; Miyake et al., 2000) and recent work has suggested a specific
role for updating in performance on the DCCS (Chatham, Yerys, & Munakata, 2012). This
finding thus raises interesting possibilities concerning how linguistic input may interact with
emerging developmental mechanisms to support EF that can be tested in future research.

The number of pre-switch trials was also a significant predictor of performance, over and
above labeling and conflict emphasis, and was negatively associated with switching on the
standard version of the task. This is consistent with the effects of experience on habit
strength (Hull et al., 1947) and findings from other childhood EF tasks, notably the A-not-B
task (Marcovitch & Zelazo, 1999). In terms of the active—latent account, adding more pre-
switch trials may strengthen latent representations of pre-switch rules, which in turn
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increases the demand on working memory (Morton & Munakata, 2002). Importantly, while
our findings suggest that the number of pre-switch trials influences performance, we do not
know if this is represents a linear effect given the limited variability in number of pre-switch
trials in the extant studies, with the vast majority of studies administering 5 or 6 pre-switch
trials. The CCC-r theory, for example, predicts that beyond a moderate number of pre-
switch trials, additional trials could result in improved performance, as seen on the A-not-B
task in both infants and toddlers (Marcovitch & Zelazo, 2009) and in adults in the Wisconsin
Card Sorting Test (WCST; Grant & Berg, 1948; Grant & Cost, 1954), by providing
opportunities for reflection on the task structure, including noticing the other relevant
dimensions. Future research can examine the nature of this finding.

Some variations in procedure did not appear to matter to performance on the standard task.
Neither verbal feedback during the pre-switch phase nor pre-test practice were significant
predictors of switching. Some researchers may have used feedback during the pre-switch
phase with the assumption that it would motivate children to continue the task or even
further consolidate the prepotency of the pre-switch rules, and others may have avoided
using it in light of concerns about how it might influence children’s sorting behavior and
invalidate the task. Our findings indicate that providing feedback during the pre-switch
phase may not have any influence on performance. Similarly, pre-test practice has been used
in EF tasks to ensure that children understand what is being asked of them; however, our
findings suggest that children’s performance does not vary depending on whether an
opportunity to practice is provided or not.

Task modality (computer vs. table-top) also did not significantly predict switching on the
standard version of the task. It was, however, a significant predictor in the analysis that
included alternate versions, perhaps because many computerized experimental
manipulations were modifications in which the task was easier than the standard version.
Computerized versions of table-top tasks might be expected to be more difficult for children
given that the stimuli are less concrete, but this analysis suggests that, for the DCCS at least,
this format is not more difficult for children.

Task variations influencing performance on modified versions of the DCCS

The analysis of experimental conditions revealed that the relative salience of the post-switch
dimension predicted switching on the DCCS such that switch rates tended to be higher in
conditions in which the relative salience of the post-switch dimension was high compared to
“neutral” conditions in which the salience of the two dimensions was balanced. The effect
size was comparable to that found for labeling the relevant dimension vs. both, and for
increasing age by one year. Conversely, switch rates were lower in conditions in which the
relative salience of the post-switch dimension was low compared to neutral conditions. The
effect size corresponding to this difference was comparable in magnitude to the effect size
corresponding to the difference between relatively high post-switch salience vs. neutral
conditions. These results confirm and extend the findings of primary studies using specific
salience manipulations (e.g., Fisher, 2011a; Honomichl & Chen, 2011; Jordan & Morton,
2008), showing that they hold when considering conditions that were not devised as salience
manipulations but which could be reliably classified as such.
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Some have interpreted such findings as evidence against accounts like representational
redescription and CCC-r because core aspects of the task are presumed to be held constant
(e.g., rule complexity, clash between the target and test cards; Jordan & Morton, 2008) and
thus children should still fail to switch if they lack the ability to reflect and formulate a
higher-order rule or view a stimulus from different perspectives. Although such findings do
indeed weigh against “all-or-nothing,” stage-like accounts, it is debatable whether such
modifications leave all relevant aspects of the task unchanged. For example, children may
perform better when the post-switch dimension is relatively salient because this increases
the activation of the corresponding rules in a bottom-up fashion, and children may then use
these rules to guide their behavior even in the absence of reflection (Zelazo et al., 2003). The
CCC-r account seeks to explain perseveration in the face of conflict (i.e., in the absence of
such bottom-up support that reduces such conflict), by positing that what develops is
children’s ability to reflect, notice the task structure, and represent it by integrating the
simple rules under a higher-order action rule (Zelazo et al., 2003). Moreover, according to
the CCC-r theory, the ability to reflect is not something that develops in a stage-like fashion.
Rather, what increases with age and experience is the probability of reflection in a given
situation (e.g., Marcovitch & Zelazo, 2009), and at all ages, a range of factors (e.qg.,
motivation, fatigue, degree of conflict) can influence that probability that one will reflect at
opportune moments (Zelazo & Doebel, 2015; Zelazo et al., 2003). For example, if the
salience of the pre-switch dimension is enhanced via the addition of flankers that cue that
dimension, children may be vulnerable to being lulled into responding by that dimension vs.
reflecting on what game is being played and fail to switch or make occasional errors.

In sum, while it is clear that salience manipulations do influence children’s behavior on the
DCCS, it is unclear how these variations influence the EF demands inherent in the standard
task. They may be attenuated or enhanced, or obviated completely. Or, insofar as the DCCS
measures a complex skill that is subserved by more basic cognitive capacities (Miyake &
Friedman, 2012; Miyake et al., 2000), it could be that these changes to the task reduce or
remove demands on some of these basic capacities but not others. For example, one
intriguing possibility is that increasing the salience of the post-switch dimension removes
the need to formulate a higher-order rule or redescribes the stimulus to overcome the
conflict, but retains the need to maintain the post-switch rule in working memory to a degree
that it can compete with the prior activation of the pre-switch rule, consistent with the
active—latent account. This could explain why one continues to see an age-performance
relation under such modifications. These questions are worth investigating further, both to
gain insight into underlying mechanisms and also to gain the clarity needed to address
practical considerations related to the measurement of EF in children. We discuss the latter
in detail when we return to these results to consider the implications of our findings for the
creation of developmentally sensitive measures of EF.

Degree of dimensional separation was found to aid switching, and partial separation (e.g.,
shapes and colors are not integrated but are contiguous or overlapping) appeared to be less
facilitative than full separation (e.g., shape on one half of the card and color on the other
half). This finding is consistent with the interpretation that some of children’s difficulty on
the standard version may be attributed to interference arising from the visual processing of
features of the stimulus that activate the pre-switch rules. That is, when the features are

Dev Rev. Author manuscript; available in PMC 2016 December 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Doebel and Zelazo

Page 18

partially separated, it is easier to ignore the irrelevant features vs. when they are integrated,
and it is much easier still when they are completely segregated to different halves of the test
card. Moreover, the age-performance relation remains when the dimensional values are
partially separated, with older preschoolers tending to switch at higher rates, whereas on the
fully separated version the age-performance relation is completely diminished. This suggests
that when the stimuli are contiguous or overlapping, the features corresponding to the
conflicting dimension are still processed (or have a higher probability of being processed)
and thus EF is needed to resolve the conflict. On the other hand, it could be that some factor
other than conflict and EF demands explains why children do better when the dimensional
values are fully spatially separated vs. partially, and why performance in partial separation
conditions is associated with age, while performance on the fully separated conditions is not.
Future research can test these different possibilities.

Patterns of performance on alternate versions were generally consistent with the findings of
primary studies; however two findings in particular call for further examination. We found
that children tended to switch at higher rates when they were prompted to label the test card
for themselves vs. when the test card was labeled by the experimenter, consistent with the
primary findings of Kirkham et al. (2003) and contrasting with the findings of Muller et al.
(2008). We highlight a couple of reasons why this finding may have emerged in the meta-
analysis. First, meta-analyses have more power to detect effects because sample sizes are
larger and sampling error is reduced. For example, our estimate of performance on the
standard version is more precise than what would be obtained in a single study. Second, in
meta-analyses it is possible to control for covariates such as age that can make comparing
primary studies difficult.

That children switch at higher rates when they label the test card has been interpreted as
support for the Attentional Inertia account, such that labeling helps children disengage from
thinking about the stimuli in terms of the pre-switch dimension and reorient to the post-
switch dimension in the absence of a well-developed inhibitory mechanism. Integrating this
with the finding that relevant labels appear to aid switching, prompting children to label the
card on their own might be a more potent intervention that engages attention more strongly
than when the experimenter labels the card. However, this finding is also consistent with
other developmental accounts that allow that attention could be redirected in a bottom-up
fashion via labels or other salient aspects of the task. Another possibility is that the
experimenter’s prompt to the child to label the card may encourage reflection, which in turn
may allow children to construe the higher-order structure of the task and resolve the conflict,
consistent with the CCC-r theory (Miller et al., 2008; Zelazo, 2004).

The meta-analysis also indicates that children tended to perform worse on the bidimensional
reversal version of the task, in which the task stimuli include variation on two dimensions,
but only one dimension is relevant because children were simply instructed to reverse their
sorting pattern (e.g. switching from the “same” to “silly” game) as opposed to hearing the
standard instructions that refer to a dimensional shift. In some cases, the task stimuli were
identical with that of the standard task (i.e., bidimensional with each target card conflicting
with test cards on one of two dimensions; Brooks, Hanauer, Padowska, & Rosman, 2003a;
Kloo, Perner, Kerschhuber, Dabernig, & Aichhorn, 2008). Children’s relatively poor
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performance on the bidimensional reversal contrasts with their relatively good performance
on the unidimensional reversal, which also uses the “same” to “silly” game instructions but
with stimuli that only vary on one dimension. One possibility is that children notice the
changing values on the second dimension and are confused by their presence because the
experimenter does not refer to them, but instead refers to “same/silly.” If confusion is a key
factor influencing performance on this version, children might be expected to make
spontaneous comments and queries about the second dimension. It is also possible that some
children spontaneously conceptualize the pre-switch game in terms of the dimensions or
dimensional values being sorted (e.g., shape game, or rabbits go with rabbits and boats go
with boats), especially given that the test and target cards do not fully match and thus
matching must be selective according to one dimension or dimensional value. If so, then
“same/silly” formulation may confuse them. In the unidimensional reversal version, which
we discuss in the following section, this problem goes away because the test and target cards
fully match so the “same” game instructions are more sensible.

Confirming and extending the findings of primary studies (e.g., Kloo et al., 2008; Perner &
Lang, 2002), the unidimensional reversal and target character versions were generally
associated with higher rates of switching than other versions with the adjusted mean passing
rates of 81% and 85%, respectively, and performance improved with age. This raises the
possibility that these versions, while different from the standard task, may still tap age-
related change in EF by removing some but not all of the conflict. On the other hand, the
finding that these versions are easier than the standard version has been interpreted as
supporting the representational redescription account (Perner & Lang, 2002). In the
unidimensional version, children match test and target cards that vary on one dimension
(e.g., sorting red suns with red suns and red cars with red cars) and then are instructed to
switch to sorting the test card in the opposite way (e.g., sorting red suns with red cars, etc.).
Similarly, the target character version, in which the target cards are replaced by characters
such as Donald Duck and Mickey Mouse, requires children to sort test cards one way, in
accordance with the characters’ ostensible preferences, and then switch to sorting the cards
in the opposite way in according with their new preferences. On the representational
redescription account, these versions are easier because they provide additional cues to the
child that the test card is to be viewed differently in each game. Another possibility,
however, is that the unidimensional reversal version does not require shifting between two
sets of conflicting rules but rather modifying the initial rule into its opposite (a possibility
discussed in Perner & Lang, 2002). This interpretation is consistent with findings that when
given feedback during the post-switch phase on the standard task some children essentially
play an opposites game and do not truly switch between rule sets, as evidenced by the fact
that they sort cards that fully match a target with the opposite target instead (Chatham et al.,
2012). It is also consistent with neuroscientific evidence that the neural correlates of
performance on reversal tasks is different from tasks known to tap aspects of EF like
working memory, inhibition and set-shifting (Cools, Clark, Owen, & Robbins, 2002;
Hampshire & Owen, 2006). An alternative interpretation of performance on the target
character version is that the pre-switch dimension is less salient given that the test and target
cards do not physically match on any dimension, and thus switching may occur in the
absence of a robust EF mechanism.
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Also consistent with published findings, children tended to switch at lower rates on the goal
neglect version compared to the standard task (Marcovitch, Boseovski, & Knapp, 2007;
Marcovitch, Boseovski, Knapp, & Kane, 2010). In this version, some of the post-switch test
cards match the target on both dimensions, which reduces the need to actively maintain the
goal on those trials. This is expected to lead children to lower their active maintenance of the
rules across all trials and consequently make errors when sorting test cards in which there is
conflict because they fall back on the prepotent pre-switch rules. No age-performance
relation was found on this version, which could suggest that differences beyond age are
more critical to performance on this task, such as individual differences in working memory
(Marcovitch et al., 2007, 2010).

No difference was found between performance on the standard task and versions in which
children watched another agent — a person or puppet — sort cards in the pre-switch phase,
and then were asked to sort the cards according to a new rule in the post-switch phase, or
were asked to judge the agent’s post-switch sorting behavior. This finding is consistent with
notion that EF failures as indexed by the DCCS are likely due to representational
inflexibility rather than problems inhibiting a prepotent motor response (Jacques, Zelazo,
Kirkham, & Semcesen, 1999). However these versions may have varied in nontrivial ways
procedurally — for example, in some cases the agent and/or the experimenter provided
feedback on the agent’s sorting (e.g., Moriguchi, Lee, & Itakura, 2007). Nevertheless,
followup regression analyses did not reveal any difference between switching performance
on conditions with or without such feedback and performance on the standard version.

The results of descriptive analyses on the remaining alternate versions should be interpreted
conservatively because covariates could not be controlled for statistically and the small
number of conditions increases the likelihood that heterogeneity influenced the estimates.
With these caveats, we note that hot versions of the DCCS did not appear to be more
challenging than the standard task, in contrast to some theorizing about the developmental
trajectories of hot vs. cool EF (Zelazo & Carlson, 2012). One possibility is that in some
cases enhancing the motivational significance of the task actually facilitated performance,
consistent with current reward-based models of cognitive control, wherein effort is a
function of anticipated costs and benefits of engaging control (Botvinick & Braver, 2015).
Further research is needed to clarify precisely how motivationally and emotionally
significant situations influence young children’s ability to exercise EF on the DCCS and
other child EF tasks. Other findings appear generally consistent with what has been
observed in primary studies. For example, performance on the negative priming version did
not differ from performance on the standard task, which is consistent with the notion that
part of children’s difficulty on the standard task is the failure to engage attention to
dimensional values that were irrelevant and ignored during the pre-switch phase (e.g.,
attending to red and blue after sorting by shape; Muller, Dick, Gela, Overton, & Zelazo,
2006; Zelazo et al., 2003).

To summarize the implications of the current meta-analysis for developmental theories of
EF, the reported findings both clarify and extend our knowledge of how a range of task
modifications influence switching performance on the DCCS and raise new questions for
future research. We confirmed that children’s performance on the standard DCCS improves
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dramatically between 3 and 5 years of age; future research can examine the degree to which
this pattern may be moderated by demographic variables such as socioeconomic status. We
confirmed that labeling procedures influence children’s tendency to switch flexibly; research
examining the conditions under which labels help or hinder flexibility can provide more
insights into developmental mechanisms. Verbally highlighting the conflict between the
games appeared to help children switch; future research can examine the nature of this novel
finding. More pre-switch trials predicted lower switching rates, but whether this relation is
linear or more complex is not known. The findings with respect to key alternate versions of
the DCCS raise new questions about developmental mechanisms underlying changes in EF
in childhood. Specifically, through what mechanisms do manipulations like spatially
separating the dimensional stimuli, increasing post-switch dimensional salience, replacing
the target cards with characters, prompting the child to label the test card, and replacing the
standard instructions with reversal instructions, influence switching? And what, if any,
implications do the age-performance correlations seen on some of these modified versions
suggest about underlying mechanisms? The meta-analysis raises more questions than it
answers regarding the best theoretical interpretation(s) of performance on the DCCS, and
highlights the extent to which multiple theories can account for the same findings. We hope
these findings will inspire new efforts to find novel ways to test and further develop theories
that avoid some of the interpretational challenges emphasized here and advance our
knowledge of developmental mechanisms of EF.

Implications for the measurement of EF in childhood

The meta-analysis also provides information of practical value that can inform efforts to
create sensitive measures of childhood EF to address various research aims, including
measurement of individual differences and developmental change in EF, and change in EF
induced by interventions. A key general finding is that a range of modifications to the DCCS
task procedure and stimuli make the task more or less challenging for children while in
many cases seeming to preserve the age-performance relation. This interpretation is made
with the caveat that it is possible that in some of these cases changes to the task introduce
and place new demands on other cognitive skills that develop with age and that the relation
does not necessarily reflect age-related improvements in EF. Table 6 summarizes the
modifications to the DCCS that our findings suggest enhance, reduce, or do not seem to
affect its difficulty, which we suggest may operate by decreasing, increasing, or not
modifying the demands placed on EF, respectively. Such modifications may also function
similarly in other childhood EF tasks. For example, the DCCS and other rule-based child EF
tasks may be made more challenging by reducing the perceptual salience of features of the
stimuli that are consistent with the relevant rules (e.g., using novel shapes or colors, more
abstract dimensions or relational stimuli), and, conversely, increasing the perceptual salience
of features of the stimuli that highlight the conflicting rules (e.g., familiar shapes or colors,
concrete or familiar dimensions, flankers that cue the conflicting rules). EF demands can be
increased by removing labels or symbols that cue or prime the relevant rules, removing
contrastive language that highlights conflict between competing task rules, and increasing
the number of trials on which children must respond to goal-conflicting aspects of a
stimulus. Moreover, our results suggest the DCCS and other child EF tasks can be made less
demanding on EF by using familiar labels to denote goal-relevant aspects of a stimulus and
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encouraging children to use those labels themselves, enhancing the perceptual salience of
goal-relevant information, separating the dimensional values, and using contrastive language
to emphasize conflict between competing rules. Modifying child EF tasks in these ways can
address common issues in the measurement of cognitive change by attenuating floor and
ceiling effects and extending the age range that can be measured by a single task.
Administration of EF task batteries that include assessments of different components of EF
(e.g., Weibe et al., 2011; Willoughby, Blair, Wirth, & Greenberg, 2012) can be challenging,
as relatively few tasks are appropriate for use across age groups given how rapidly EF
develops during this age.

Our findings also suggest that some task features can be modified parametrically to create
graded measures that are sensitive to individual differences and allow researchers to assess
childhood EF with more precision. For example, labeling procedures can be adjusted such
that children are first prompted to label aspects of a stimulus that correspond to the current
rules, followed by the experimenter providing these labels for the child, and finally the
removal of labels altogether. Likewise, the findings involving the separated conditions
suggest that separated dimensional values can be parametrically adjusted such that they are
increasingly integrated to gradually increase the demand on EF. This kind of approach has
already been undertaken with respect to the DCCS (Beck et al., 2011; Carlson & Zelazo,
2014), and we suggest that similar efforts to enhance the sensitivity and range of other child
EF measures have the potential to advance the study of EF in childhood insofar as they can
facilitate a range of research goals. We discuss in more detail two specific examples of
established child EF tasks that could be modified in the aforementioned ways in order to
further illustrate how altering task features could enhance or reduce difficulty to increase
measurement sensitivity.

In the Day/Night Stroop (Gerstadt, Hong, & Diamond, 1994), children are shown pictures of
a sun and moon and are instructed to say “night” to the sun and “day” to the moon. This
tends to be difficult for preschool-aged children because of pre-established associations
between “night” and “moon”, and “day” and “sun”. Our findings suggest this task could be
made more challenging by adding several trials in which the usual associations are practiced
before switching to the “opposite” rules. Conversely, the task could be made less
challenging by reducing the salience of the stimuli (e.g., removing colors and using less
iconic depictions of the sun and moon), or by emphasizing conflict in the statement of the
rules (e.g., “When | show you a picture of the sun, you do not say day. No way! You say
night.”).

In the Hand Game (Hughes, 1998; Luria, Pribram, & Homskaya, 1964), children are
instructed to imitate gestures made by an experimenter (e.g., a fist or a point) for five trials
and then are instructed to instead do the opposite of what the experimenter does (e.g., make
a fist when the experimenter makes a point). To make this task easier, one might introduce
the anti-imitation phase by using contrastive language (e.g., “Now we’re going to play a
different game where you do not make the same shape as me. No way! You make a different
shape...”), or introduce each trial by prompting children to name the shape they are to make
in response to the experimenter’s gesture (e.g., “What shape do you make?”). To make the
task more difficult, the number of imitation trials could be increased, which would be
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expected to enhance the prepotency of the conflicting rules during the anti-imitation phase.
These are just a few ways the current findings suggest these tasks could be modified to
titrate demands on EF and increase the range and sensitivity of child EF measures.

Limitations of the current meta-analysis

While meta-analyses can be very informative, they also have inherent limitations. We
highlight some of these limitations with respect to the current study. First, despite our efforts
to identify and control for likely covariates in our analyses, it is possible that unknown and
unmeasured variables explain systematic variance between conditions and account for some
of the patterns of findings reported here. Second, although we were able to reliably code key
variables of interest, the coding necessarily generalized over many differences between
conditions. For example, modifications to perceptual salience were actualized in a variety of
ways. While it is a strength of the meta-analysis that effects were found despite such
heterogeneity, null findings may reflect type 1l error due to insufficient power to detect
effects in the presence of substantial procedural and methodological variations. Third,
although we made great efforts to locate and include unpublished findings, we cannot know
how many unpublished studies were missed. Meta-analyses that fail to include unpublished
studies may overestimate the strength of relationships between variables and can be biased
toward positive findings (Lipsey & Wilson, 2001). These issues do not undermine the
informativeness of meta-analyses, but they highlight the importance of following up meta-
analytic findings with carefully designed replication studies where appropriate.

Conclusion

The meta-analysis reported here clarifies and extends our knowledge of the DCCS, and
generates theoretical and practical insights that together have the potential to advance
research on the development of EF in early childhood. The findings suggest new directions
for research on the developmental mechanisms underlying EF and indicate new approaches
to the development of sensitive child EF measures that can facilitate a range of research
goals.
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Experimenter
Instructions

Target Cards

Test Cards

Fig. 1.

Pre-switch (shape)

“Let’s play the shape game.
In the shape game, all the
rabbits go here and all the
boats go there. Here is a
rabbit. Can you put it where it
goes?”

Page 31

Post-switch (color)

“Now we're going to play a new game.
We're not going to play the shape
game anymore. We're going to play
the color game. In the color game, all
the red ones go here, and all the blue
ones go there. Here is a red one. Can
you put it where it goes?”

» wi
Z

<

Sample stimuli and instructions used in the standard version of the DCCS, based on Zelazo
(2006). Dark gray represents blue and light gray represents red.
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a
Target
Cards
Mok

Pre-switch (shape)

Test I ll I I ‘-.:-..ﬂh

Cards

Post-switch (color) Post-switch (color)

el -

Examples of experimental modifications to the DCCS. (a) DCCS task stimuli that enhanced
the salience of the post-switch phase, modeled on Jordan and Morton (2008), with black
(neutral) bars flanking the pre-switch test cards during the shape game, and relevant, colored
bars flanking the post-switch test cards during the color game. (b) Spatially separated
stimuli, modeled on Diamond et al. (2005). White represents red, and gray represents blue.
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Fig. 3.

Proportion passing post-switch phase as a function of age: (a) raw proportion and (b) logit
transformed. Shaded regions indicate the 95% confidence interval.
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Relation between switching (proportion passing) and age by labeling procedure. These data
suggest that, across the age groups studied, children tend to switch more when only the
relevant dimension is labeled by the experimenter versus when both dimensions are labeled.
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Relation between switching (proportion passing) and age by (a) relative post-switch salience
and (b) degree of separation.
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Table 1

Reports and conditions included in the meta-analysis.

Authors Year k Total

Standard  Experimental

Beck, Schaefer, Pang, and Carlson 2011 2 4 6
Bernier, Carlson, Deschénes, and Matte-Gagné 2012 1 0 1
Bierman, Nix, Greenberg, Blair, and Domitrovich 2008 3 0 3
Bohlmann and Fenson 2005 3 3 6
Brace, Morton, and Munakata 2006 1 2 3
Brooks, Hanauer, Padowska, and Rosman 2003a 0 10 10
Brooks, Hanauer, Padowska, and Rosman™ 2003b 1 1 2
Buss and Spencer* 2012 3 4 7
Carlson and Moses 2001 2 0 2
Carlson and White™ 2011 2 0 2
Chatham, Yerys, and Munakata 2012 0 1 1
Diamond, Carlson, and Beck 2005 3 3 6
Dick, Overton, and Kovacs 2005 3 0 3
Doebel and Zelazo™ 2012 8 1 9
Espinet, Anderson, and Zelazo 2011 2 0 2
Farrant, Maybery, and Fletcher 2012 3 0

Fisher 2011a 0 4 4
Fisher 2011b 0 18 18
Fosco and Montgomery* 2012 3 0 3
Frye, Zelazo, and Palfai 1995 7 0 7
Hanania 2010 4 0 4
Henning, Spinath, and Aschersleben 2011 4 0 4
Hongwanishkul, Happaney, Lee, and Zelazo 2005 3 0 3
Honomichl and Chen 2011 4 14 18
Imada, Carlson, and Itakura™ 2011 6 0 6
Jacques and Zelazo™ 1995 3 6 9
Jacques and McKay* 2012 2 18 20
Jacques, Zelazo, Kirkham, and Semcesen 1999 3 6 9
Jordan and Morton 2008 2 3 5
Jordan and Morton 2012 0 4 4
Karakelle and Ertugrul™ 2011 3 0 3
Kharitonova, Chien, Colunga, and Munakata 2009 2 0 2
Kirkham, Cruess, and Diamond 2003 2

Kloo and Perner 2003 10 2 12
Kloo and Perner 2005 6 10 16
Kloo, Perner, Aichhorn, and Schmidhuber 2010 1 2 3

Dev Rev. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Doebel and Zelazo Page 37

Authors Year Kk Total

Standard  Experimental

Kloo, Perner, and Giritzer* 2010 2 0 2
Kloo, Perner, Kerschhuber, Dabernig, and Aichhorn 2008 10 18 28
Lahat et al. 2012 2 0 2
Lang and Perner 2002 3 0 3
Mack 2007 2 2 4
Marcovitch, Boseovski, and Knapp 2007 0 8 8
Marcovitch, Boseovski, Knapp, and Kane 2010 0 4 4
Miller, Giesbrecht, Miiller, McInerney, and Kerns 2012 3 0 3
Moriguchi and Itakura 2008 2 2 4
Moriguchi, Evans, Hiraki, Itakura, and Lee 2011 4 4 8
Moriguchi, Kanda, Ishiguro, and Itakura 2010 0 2 2
Moriguchi, Lee, and Itakura 2007 0 13 13
Miiller, Dick, Gela, Overton, and Zelazo 2006 0 3 3
Miiller, Kerns, and Konkin 2012 3 0 3
Miuiller, Zelazo, and Imrisek 2005 3 0 3
Miller, Zelazo, Lurye, and Liebermann 2008 9 7 16
Munakata and Yerys 2001 1 0 1
Nguyen and Astington™ 2011 2 0 2
O’Leary and Marcovitch™ 2011 0 9 9
O’Neill and Miller 2013 4 4 8
Perner and Lang 2002 2 6 8
Perner, Lang, and Kloo 2002 4 0 4
Qu and Zelazo 2007 5 5 10
Ramscar, Dye, Witten, and Klein 2013 2 0 2
Rennie, Bull, and Diamond 2004 1 2 3
Towse, Redbond, Houston-Price, and Cook 2000 3 2 5
van Bers, Visser, van Schijndel, Mandell, and Raijmakers 2011a 3 0 3
van Bers, Visser, van Schijndel, Mandell, and Raijmakers* 2011b 0 3 3
Vendetti and Kamawar™ 2011 4 4 8
Wimmer and Doherty 2011 3 0 3
Yerys and Munakata 2006 0 2 2
Zelazo, Frye, and Rapus 1996 5 0 5
Zelazo, Miller, Frye, and Marcovitch 2003 6 14 20
Totals 190 236 426

k = number of conditions.

*
Data unpublished at the time of retrieval.
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Table 6

Summary of influence on difficulty of modifications to the DCCS.
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Easier Moredifficult No detected effect

Label relevant dimension Label both dimensions Provide pre-switch feedback

Emphasize conflict between sorting games when Increase number of pre-switch trials ~ Provide pre-test practice

introducing post-switch phase Reduce salience of post-switch Administer with cards (table top) or on
Reduce number of pre-switch trials dimension by altering perceptual computer

Increase salience of post-switch dimension by altering properties of stimuli Have child observe another individual sort
perceptual properties of stimuli Include test cards that fully match cards during pre-switch phase

Spatially separate dimensional values on test and/or target in post-switch phase Have child make judgments of own or
target cards Replace standard instructions with other’s performance, or point to boxes
Use cards that vary on only one dimension with reversal instructions instead of manually sorting cards

reversal instructions

Have child label test card instead of experimenter
Use target characters instead of target cards
Remove or omit use of target cards
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