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Abstract: Executive functions are psychological processes of great importance for proper functioning
in various areas of human development, including academic performance. For this reason, from both
clinical and educational perspectives, there is great interest in how they are assessed. This article
describes the development and standardization process of Yellow-Red, an instrument for directly
assessing executive functions in children between 6 and 11 years of age in a playful format using
digital support. The test was based on a three-factor model of executive functioning: inhibition,
working memory, and cognitive flexibility. Yellow-Red comprises six subtests: cognitive inhibition,
behavioral inhibition, auditory working memory, visual working memory, cognitive flexibility, and
a global assessment test of executive functions. The test was administered to 245 boys and girls
between 6 and 11 years of age. Along with the Yellow-Red subtests, gold standard tests were applied
for each of the executive functions assessed. The test’s psychometric properties are powerful in
both reliability and validity evidence. The reliability indices are all greater than 0.8. As evidence of
convergent validity, correlations were established between the tests, and the tests considered gold
standards. All correlations were significant, with values ranging between 0.42 and 0.73. On the other
hand, the factor structure of the test was analyzed using confirmatory factor analysis. Although it is
possible to demonstrate the progressive differentiation of the factor structure with age, it was only
possible to find two factors at older ages, one for inhibition/flexibility and one for working memory.

Keywords: executive functions; technology-based assessment; cognitive assessment

1. Introduction

Executive functions are the cognitive abilities responsible for planning, controlling,
and guiding thoughts, feelings, and actions. They are the central executive of the cognitive
system, i.e., they transform intentions and purposes into practical actions. People with a
greater development of executive functions are more likely to achieve their goals, as they
can plan their tasks adequately. There is ample evidence of the impact of executive functions
on various areas of human development, especially academic performance (Diamond 2016).
Next, we define the theoretical model on which the Yellow-Red test was built, describe the
relationship between children and technology use, and summarize previous contributions
regarding the assessment of executive functions at the international level. Subsequently, a
general description of the test is presented, allowing a better understanding of the results
and reflections derived from the standardization process of the Yellow-Red test.

1.1. The Three-Component Model of Executive Functions

There are various models for conceptualizing executive functions; one of the most
widely accepted is the one that defines the presence of three basic components of executive
functions. These basic components develop interdependently during childhood and early
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adolescence and serve as the basis for developing higher-order executive functions such as
planning and problem-solving.

Inhibitory control includes inhibiting thoughts, actions, or behaviors in the face of
competing for internal or external stimuli. Itis, therefore, an ability that allows the inhibition
of cognitive, emotional, and behavioral factors. The first and second are related to thinking
and memory. The third, with behavioral inhibition, for example, is related to gratification
delay.

Working memory is the ability to operate with mental representations, whether visual,
auditory, or episodic. According to Cowan (2017), it is a set of components of the mind that
hold a limited amount of information temporarily available for processing the task at hand.
It is an ability of limited capacity, although it progressively expands with age, reaching its
maximum capacity around age 12.

Finally, cognitive flexibility is the ability to provide alternative solutions to the same
problem. It is closely related to creativity, and of the three functions, it is the one with the
latest appearance (Diamond 2013).

The three main components of EF, as shown in Figure 1, can be understood as succes-
sively integrated over time. The first to make its appearance is inhibitory control, followed
by working memory, and finally, cognitive flexibility. Although, conceptually, the three
components are present throughout development, it is clear that their nature changes from
18 months of age, which is the age at which language begins to be a fundamental part of
cognitive development. Language plays a fundamental role in executive functioning since
it allows for labeling internal instructions that inhibit behaviors and actions, processing
problems, and seeking alternative solutions to unknown problems.

Inhibition Working memory

------------------------------------------------’
Figure 1. The components that together make up executive functions are shown.

The three components of EF also have important interrelationships, given by their
successive integration into development. For example, to solve problems in working
memory, it is essential to have active interference control of internal and external stimuli
while processing the solution, which is a component of inhibitory control. For this reason,
many models of working memory (e.g., Kane and Engle 2003) incorporate interference
control as a component of working memory. However, it could properly be considered as a
factor of inhibitory control. As Diamond (2013) noted, some authors (e.g., Baddeley and
Hitch 1994) incorporated inhibitory and flexibility factors in their working memory model.
However, following this author, we kept the three factors separate in the present work, as
Miyake et al. (2000) suggested.

Likewise, cognitive flexibility requires both working memory and inhibitory control
to provide the alternative solution being processed (e.g., if the task is to say all the words
that begin with a given letter, in working memory, I must simultaneously evaluate that the
new term I come up with actually starts with that letter and simultaneously remember and
discard repeating the ones I have already said).

An interesting issue regarding the progressive differentiation of executive functions
is the unicity versus diversity approach formulated by Friedman and Miyake (2017). Es-
sentially, this approach postulates that executive functions show unicity and diversity,
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depending on both the analysis techniques used and the developmental level of the sam-
ples assessed. We stayed with the latter aspect for the present article, which focuses mainly
on children. Friedman and Miyake (2017) reported that, although some studies show a
unicity of executive functions at early ages, all studies evidence a differentiation of working
memory and flexibility in older children or adults. In other words, at earlier ages, the
appropriate mode for understanding executive functions is unity, while at older ages, it
is that of diversity. The evidence on this point is mixed, specifically regarding when and
which components are part of the first and second factors in school-aged children. This is
partly due to the variety of tests used, as the selection of tests according to each component
of executive functions is highly heterogeneous, both in their assessment objectives and the
way they are assessed (for a comprehensive review on this topic, see Lee et al. 2013).

1.2. Use of Technology Tools for Child Assessment

New generations grow up immersed in digital media-rich environments, and technol-
ogy is integral to their lives from birth (Sweeney and Geer 2008). From a very young age,
children are exposed to technological resources, which translates into an early mastery of
various digital tools (Mcmanis and Gunnewig 2012).

The use of technological tools has increased both in the world and in Chile. In the
USA, in 2018, 85% of households had an internet connection (United States Census Bureau
2021). In Chile, the statistics are similar, with 87.4% of households reported to have an
internet connection in 2017. Likewise, access to technological devices is equally high,
with 85.7% of households in which school-age children live have a smart mobile device
(Subsecretaria de Telecomunicaciones de Chile 2017). According to Chaudron et al. (2018),
who investigated the use of technology in children aged 0-8 years in 21 countries, the
use of digital technologies starts earlier and earlier (under two years), and tablets and
smartphones are the preferred devices of children, due to their multifunctionality and
portability. According to these authors, devices with touch screens are appreciated by
children, especially for their ease of use, the possibility of accessing different applications,
and their playful aspects.

For these reasons, the need to incorporate technology into educational systems has
been raised (Sweeney and Geer 2008), considering its use both for the mediation of teaching
and for the assessment of learning. Day et al. (2019) noted that there is a need for technology-
and game-based executive function assessment tools that can be used outside of the clinical
or academic context, allowing for accurate, ecological, and contingent assessments.

Technology-mediated assessments have several advantages over traditional assess-
ments, as they allow for gamification of the assessment format by incorporating aspects
traditionally related to video games or applications. They also allow the standardization of
certain technical elements, such as instructions, examples, or forms of response, and the
automation of correction processes. On the other hand, it was observed that the use of tech-
nological instruments allows the assessment of aspects impossible to assess and apply in
pencil and paper instruments, for example, reaction times, presentation of algorithmically
programmed items, and the measurement of aspects related to behavior (Germine et al.
2019; Parsey and Schmitter-Edgecombe 2013).

Parsey and Schmitter-Edgecombe (2013) noted that the widespread access of younger
generations has produced a cohort effect, in which children and young people perform
better on computer-based assessments than older people with less technological experience.
Moreover, the use of technology in assessment contexts generates an increased level of
student engagement and motivation, enabling the expression of their full performance
potential (Perrotta et al. 2013; Rosas et al. 2015).

Germine et al. (2019) recommended focusing on four aspects when developing
technology-based assessment instruments: (a) designing interfaces that are accessible
and appealing to the target age group, (b) developing simple and clear instructions, (c) pre-
senting applied test items that allow the user to interact with the test, which is more effective
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than reading written instructions, and (d) developing specific norms for technology-based
tests rather than adapting norms from pencil-and-paper instruments.

However, it is important to consider whether technology-mediated assessments corre-
spond to those in traditional formats. In this regard, several meta-analyses involving tests
with students from K to 12 have shown no significant differences in the results of the two
types of assessment (Kingston 2009; Wang et al. 2008), which contributes to the reliability
of this type of instrument.

1.3. Description of Instruments and Gold Standards for FE Assessment

Multiple research fields have approached executive functions, such as neuropsychol-
ogy, cognitive psychology, education, and, more recently, cognitive neurosciences. Likewise,
each of these areas has developed its assessment paradigms, depending on the nature of
their studies.

The first research came from neuropsychology and was based mainly on studying
adults with some type of brain injury, thus establishing the relationship between executive
functions and the frontal lobe. The works of Luria and his collaborators were paradoxical.
They described frontal lobe syndrome in 1964, proposing a series of tasks to evaluate
the relationship between neurological disorders and performance in cognitive and motor
functions (Canavan et al. 1985). Thus, in 1980, the standardized version of their procedures
was published as the so-called Luria-Nebraska battery. In 1981, they presented the first
version for children between 8 and 11 years of age (Plaisted et al. 1983). According to
Zelazo et al. (2016), interest in assessing executive functions in children only arises when
the belief that the limited frontal lobe development during childhood was demystified in
the early 1980s. It has been shown that it is just the opposite since it has been demonstrated
that the frontal lobe shows a more significant development during childhood.

From this new interest in the association between executive functions and frontal
lobe development in children, children’s versions of instruments used to assess executive
functions in adults were developed. An example is the Stroop Interference Test (Stroop
1935), one of the most widely used neuropsychological measures. The Stroop test consists
of three consecutive tasks: First, a list of colors expressed in words must be read aloud.
Second, one must name a series of colors presented as such in rectangles. Third, a list of
colors printed in ink of a color different from that expressed by the word, for example,
“yellow” printed in red ink, must be named. According to Homack and Riccio (2004), there
is consensus that this last task measures cognitive flexibility and inhibition. The original
version proposed by Stroop was interpreted in different ways. One of the most widely used
versions is the one developed by Golden (1978), standardized in 2003 for adults and 2002
for children. The children’s version can be applied to children aged from five to fourteen
years and only differs from the adult version in scoring norms (Moran and Yeates 2018;
Rozenblatt 2018). This is an example of how the original tools were designed for application
with adults. Their children’s versions are only later adaptations, not instruments directly
created for these age groups, which do not have standardized versions. If they do, they
present very poor application norms (Carlson 2005). According to Hughes and Ensor (2011),
child adaptation from adult tasks runs the risk of losing critical components of executive
functions, for example, oversimplifying them or not considering other cognitive aspects
that develop in parallel or later, such as the use of language, specifically vocabulary.

Since 2000, research in psychology and neuroscience has grown exponentially, generat-
ing several instruments consisting of individual behavioral tasks based on performance (for
more details, see Carlson (2005) and Garon et al. (2008)), which have become more accurate
thanks to their technological versions applied on PCs and, later, on tablets. One of the most
widely used tests is the Hearts and Flowers test, which corresponds to a version of “Dots”
originally developed by Davidson et al. (2006). This test consists of three consecutive
tasks; in the first block, the person must press a key on the same side on which a heart
appears (congruent block); in the second task, he/she must press a key on the opposite
side of which a flower appears (incongruent block). Finally, there is a mixed block in which
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hearts and flowers appear randomly. The individual must follow two rules simultaneously,
depending on the stimulus that appears, forming a mixed block. Despite its wide use,
Hearts and Flowers does not have norms, validity, or reliability studies (Camerota et al.
2020).

In 1996, Zelazo et al. (1996) presented the first version of the Dimensional Change
Card Sort (DCCS). in which the child is asked to sort a series of drawings, first according to
their shape (put a card with a rabbit on top of another rabbit card, regardless of its color)
and then according to their color (put a card with a red figure on top of another red card,
regardless of its shape). The child must sort 48 cards according to the instruction of the
evaluator, who randomly says “shape” or “color.” The DCCS is now part of a free, validated,
norm-referenced battery for the North American population aged 2.5 to 85 (Zelazo et al.
2013). This is a digital version, whose only disadvantage is that it is only available for
I0S devices. The previous tests are traditionally laboratory-based but more ecological;
behavioral measures are generally related to cognitive and educational psychology. It is
in these contexts where tests that have not been standardized but are widely used are
also used, such as Simon says (Strommen 1973), based on the traditional children’s game,
or Head Shoulders Knees and Toes (Cameron Ponitz et al. 2008), in which the child is
progressively asked to touch parts of his body in alternating order.

Other instruments that can be used for the assessment of executive functions are the
ENFEN (Portellano et al. 2011), which assesses the global maturational development of
children between 6 and 12 years of age with the main focus on executive functions. This
test presents norms for the Spanish population with an individual application format with
attractive tasks for students, does not directly consider a play format, and does not use
digital support. On the other hand, an alternative is the Psychology Experiment Building
Language (PEBL) platform, which allows the free programming of digital tests. This
platform has some traditional tests pre-designed on the platform, focusing on evaluating
executive functions. Among the tests that can be selected is a version of Berg’s Card Sorting
Test, similar to the Wisconsin test, Corsi’s block test, and an implementation of Eriksen’s
Flanker task. However, although these tools are digital and free of charge, prior knowledge
is required to select the tests to be applied, and they do not present information regarding
the norms for each population.

On the other hand, tests that assess more general skills are used in educational contexts,
which sometimes include the assessment of executive functions or some of their compo-
nents. This is the case for tests such as the Woodcock-Mufioz battery (Mufioz-Sandoval et al.
2005) and the WISC-V test (Rosas et al. 2022), which include specific components related to
the assessment of executive functions. Finally, and especially in school contexts, some scales
assess executive functions indirectly, in different contexts, and through the appreciation of
actors close to the children, such as teachers or relatives. Among the most widely used are
the Behavior Rating Inventory of Executive Function (BRIEF, Gioia et al. 2000), the Behavior
Assessment System for Children, now in its third edition (BASC, Reynolds and Kamphaus
2015), and the Conners test (Conners 2008).

However, the assessment systems mentioned above present certain limitations be-
cause, on the one hand, the tests used in the research area assess executive functions in a
general way without detailing aspects related to their components. On the other hand, the
assessment of executive functions in school contexts only considers executive functions
as a minor aspect of more general skills, such as cognitive ability. Moreover, the scales
that focus on the appreciation of third parties tend to mark a tendency towards the less
cognitive aspects of executive functions, generating a biased view of their development.
On the other hand, there are doubts about the validity of these instruments, which are
discussed in the next section.
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1.4. Discussion of the Importance of Direct EF Assessment over Indirect Ones

Executive functions are important for children’s behavior and learning, but what
method is best for assessing these abilities? Much research shows low correlations between
the results of direct and indirect assessments of executive functions. In a review of 20
studies reporting correlations between the two types of measures, Toplak et al. (2013)
found that only 24% of all reported correlations were statistically significant and that the
median correlations were only r = 0.19 (equating to only 3.6% common variance). It should
be noted that this result cannot be attributed to the lack of reliability or validity of both
methods since both indirect and direct scales showed quite good psychometric properties.
So, how can two types of assessment that are supposed to measure the same thing have
such low correlations? A recent study sought to answer this question. Even though both
measurement forms can show good predictive abilities for academic performance (Gerst
et al. 2015), the evidence seems to indicate that direct cognitive tests are more efficient
and robust than indirect assessments for measuring executive functioning. The study by
Soto et al. (2020), conducted with 136 children, clearly showed how executive function
assessments made by teachers adequately predicted students’ academic assessments (also
made by teachers) but failed to predict academic performance. Tests of executive functions
instead predict academic performance very well and predict academic ratings even better
than indirect assessments of executive functions.

This study is of particular relevance since, to date, it is the only published research with
two independent and two dependent variables and, in both cases, with direct and indirect
methods. Moreover, this makes it possible to elucidate more precisely what both techniques
measure; the academic assessments seem to better measure better school adjustment
according to teachers, while the direct ones are a better measure of school adjustment and
academic achievement. Thus, it would appear that direct measures are more accurate and
would be a better indicator of executive functioning than indirect measures.

1.5. Brief Description of the Yellow-Red Battery

The Yellow-Red battery consists of six tests focused on the general assessment of exec-
utive functions and the specific assessment of their different components. The assessment
system is based on technological support (Tablet) and is within the paradigm of invisible
assessment through play (Rosas et al. 2015). The test was designed to be applied to children
aged 6 to 11 years and has a total application time ranging from 15 to 30 min.

1.5.1. Cat-Dog

The first test, called Cat-Dog, is an adaptation of Diamond’s Hearts and Flowers
test (Diamond 2013). This test theoretically measures the three components of executive
functions in its three phases. In the first congruent phase, participants must touch the
same side of the screen where a stimulus (cat) appears. The second phase is incongruent:
participants must press the opposite side of the screen to where the stimulus appears (dog).
In each of the first two phases, 12 cats or dogs appear. In the third phase, congruent and
incongruent stimuli (cats and dogs) appear randomly 33 times. In all phases, the stimuli are
displayed for 1 s with an interval of 500 milliseconds. Points are only awarded for the results
obtained in the third phase. One point is assigned for each correct response, and 0 points
are assigned for omissions and incorrect or anticipatory responses, i.e., those executed
by the participant before 200 milliseconds elapse. As seen below, this test theoretically
evaluates the flexibility component of executive functions (Figure 2).
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Mixed phase
Press on the same side of the cat
and opposite side of the dog

® % ® ° q{% 5

Press right side Press left side ress right side

Congruent phase Incongruous phase
Press on the same side of the cat ~ Press the opposite side of the dog

Q{) o | o w4 ®

Press left side Press right side Press left side

Figure 2. Description of the phases of the Cat-Dog test.
1.5.2. Arrows

This test evaluates cognitive inhibition and attention; a “model” arrow and three
arrows that function as response alternatives appear on the screen. The arrows point to
the right, to the left, up, or down. In the first three cases, children must press the arrow
pointing in the same direction as the model. However, the participants should not press
anything when the arrow points downward. This test has 36 items, 8 of which correspond
to inhibition tasks. The first 15 items are displayed for 2 s, with 500-millisecond intervals,
while the following 21 items are presented for 1 s, with 500-millisecond intervals. One point
is awarded for each correct response, and 0 points for incorrect or anticipatory response
(response with a reaction time less than 200 milliseconds) (Figure 3).

-> Ll
-f.:ﬁ‘r@- 4-—133»

Attentional item Attentional item
Press the arrow pointing to the right Press the up arrow

= 3
ST = = § -

Attentional item Inhibitory item
Press the arrow pointing to the left Do not press

Figure 3. Description of the items of Arrows test.

1.5.3. Flies

The Flies test assesses behavioral inhibition using a delay of gratification. A screen
is presented with flies flying in different directions, and the participant is asked to smash
as many as possible. The flies make a buzzing sound as they fly, and when smashed, they
make a sound that the children find very amusing and rewarding. When a green light is
turned on, the participant can continue smashing the flies; however, when the light turns
red, the participant should not continue smashing the flies. The traffic light changes color,
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and the participant must follow the rule. When it is green, you can smash flies; when it is
red, you cannot.

The test lasts 2 min and is divided into eight different time-lapses where the red or
green light appears. Each time-lapse lasts between 3 and 10 s. One point is awarded for
each fly smashed. The delayed gratification indicator is the sum of the flies smashed in the
green minus those smashed in the red-light time lapses (Figure 4).

Initial screen: no traffic light Green traffic light Red traffic light

@

Smash all the flies you can. Smash all the flies you can. Do not smash any flies.

Figure 4. Description of the Flies test.

1.5.4. Binding

This test evaluates the development of visuospatial working memory in the form of
associated pairs. A series of images related to numbers or geometric figures are presented.
Then, some of the stimuli are presented again in isolation, and the participants must
establish the associations according to how they were initially presented. The test has
27 items; as the test progresses, more images and numbers are added. In the case of the
youngest children (6 to 8 years old), the first five items use geometric figures instead of
numbers. From age nine onwards, only items with numbers are presented, and 0 points
are assigned for each incorrect answer. An answer in which all pairs are appropriately
associated is considered correct; if there is at least one mistake, the item is considered
incorrect (Figure 5).

BC

r

.

PURE

Observe the associations between images Associate each image to the
and numbers. corresponding number.

Associate each image to the Final result with correct answers.

corresponding number.

Figure 5. Example of Binding test item.
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1.5.5. The Farm

This test evaluates auditory and visual working memory. The evaluation of auditory
working memory is performed by presenting a sequence of animal sounds, after which the
participant must select the corresponding animals on a board starting from the last sound
heard (Figure 6).

Listen to animal sounds
sequence: for example, cat
and dog.

Mark the animals in reverse Then the cat.
on the board, First the dog.

Figure 6. Example of Farm auditory test item.

A keyboard is displayed on which some keys light up to assess visual working memory.
The participant must press the keys in the reverse order in which they are illuminated.

The auditory sequences range from 2 to 8 sounds, and the visual sequences from 2 to
10 visual stimuli. There are 18 auditory items and 18 visual items. One point is assigned
for each correct answer. The test is failed when two consecutive errors are made at the
same level (the level is determined by the number of sounds to be remembered by the
participant) (Figure 7).

First, dial the last key that lit up. Then dial the first key that lit up

Figure 7. Example of Farm visual test item.
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1.5.6. Triads

The Triads test is oriented to evaluate cognitive flexibility. A series of four geometric
figures are presented, three of which have a common characteristic (color, shape, or size).
Participants must choose three that have something in common, but the classification
criteria are not made explicit. These implicit criteria are color, shape, and size. The criteria
change without giving any warning. In total, the test has 21 items, 5 of which correspond
to the implicit criterion of color, 5 to the implicit criterion of shape, and 5 to the implicit
criterion of size. Six random criterion items follow this. Participants have three chances to
get it right; if they fail, they skip to the next category, and those omitted items are considered.
Each failed attempt is considered an attentional error, but if it fails all three attempts, it is
considered a perseverative error. One point is obtained for each correct answer in the first
attempt; in the second attempt, 0.6 points, and in the third attempt, 0.3 points. One point
is deducted for each attentional error and 2 points for each perseverative error. There is
no time limit for the permanence of the items. This test is suspended after three incorrect
answers (Figure 8).

Implicit criterion: colour Implicit criterion: shape Implicit criterion: size

o0 =@ o ®

Mark all the figures in blue. Mark all the figures in a Mark all large figures.
circular shape.

Figure 8. Description of the Triads test levels.

In accordance with the evidence reviewed and the presentation of the instrument
developed and standardized to assess executive functions in school-aged children, this
study has the following objectives: firstly, at a general level, to demonstrate the importance
of having direct standardized measures of executive functions that can be used with
children of a wide age range; secondly, to obtain the psychometric properties of the Yellow-
Red Test. Finally, we sought to clarify the factor structure of executive functions in Chilean
children between 6 and 12 years of age.

2. Methodology

The Chilean standardization of Yellow-Red had a meticulous design to have enough
information to validate the test with the gold standards for each of the components of
executive functions: inhibition, working memory, and flexibility. These gold standards
provide valuable information regarding the evidence of validity with other variables and

the validity of an instrument developed under the stealth assessment paradigm (Rosas et al.
2015).

2.1. Instruments

A table summarizing the correspondence between the Yellow-Red subtests and the
respective gold standards applied in the study is presented in Table 1.
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Table 1. Correspondence of Yellow-Red subtests with their gold standards.
General Component Specific Component Yellow-Red Subtest Gold Standard
Inhibiti Cognitive inhibition and attention Arrows Flankers
ibition Behavioral inhibition Flies Flankers
Visuospatial working memory Binding Digit Span WISC V
Working Memory Auditory and visual working memory Farm Digit Span WISC V
Block Design WISC V
.. - Triads Modified Card Sort Test
Cognitive Flexibility Similarities WISC V

2.1.1. Hearts and Flowers

This test assesses executive functions in general and specifically, according to the
assessment block. For the present research, only the third phase was used, which assesses
cognitive flexibility (A. Diamond, personal communication, April 2018). The Inquisit Web
6 platform (Millisecond Software LLC 2021), which allows offline tablet assessment, was
used. Specifically, the Chilean Spanish language version was programmed as described by
the original authors of the instrument (Borchert 2021; Diamond et al. 2007). Participants
see a set of items in which a heart or a flower appears on the right or left side of a fixation
cross. If the person sees a heart, he or she must press a “button” on the tablet on the same
side as the heart, which is called a congruent item. On the other hand, if the person sees a
flower to the right or left of the fixation cross, he/she must press the button on the opposite
side from where the flower appears, which is called an incongruent item. The test consists
of three blocks: the first is congruent, in which 20 items (hearts only) are presented, with
ten random appearances on each side of the fixation cross. According to Diamond et al.
(2007), the congruent block evaluates working memory. The incongruent block also has
20 items, this time only with flowers, with ten flowers on the left and ten flowers on the
right of the fixation cross. According to the authors, this block evaluates working memory
in addition to inhibitory control. Congruent and incongruent blocks have a maximum
response time of 5000 ms. The last block is mixed, and in it, participants must respond to 20
congruent and incongruent items that appear randomly, which assesses working memory,
inhibitory control, and cognitive flexibility. The maximum response time in this block is
6000 ms. Each block has three practice items, for which automatic feedback is given to the
participant, and failure is a criterion for suspension from the test. For the present study,
and due to the differences in presentation times that facilitate a response in the Hearts and
Flowers test, compared to Cat-Dog, those correct responses selected 1000 ms after stimulus
presentation were scored with 0.5 points (equivalent to half of the correct response). In
addition, responses selected before 200 ms scored 0 points.

2.1.2. Flankers

This test evaluates attention and cognitive inhibition. The Inquisit Web 6 platform
(Millisecond Software LLC 2021) was used. The test corresponds to the Chilean Spanish
version and follows the procedure described by the authors of the instrument (Borchert
2021; Rueda et al. 2004). The test consists of presenting an image of five fish lined up.
The participant must pay attention to the fish in the center, and if the fish in the center
looks to the right, the participant must press the button on the right. However, if the fish
in the center faces left, the participant must press the key on the left. The other fishes
in the row can look in the same direction as the fish in the center (congruent item) or
in the opposite direction to the fish in the center (incongruent item) (see Figure 9). The
platform presents two practice blocks, 12 items in which only four fishes are presented (6
looking left and six looking right), and 12 events with five fishes (three compatible events
looking left, three compatible events looking right, three incompatible events looking left,
and three incompatible events looking right). The maximum response time per item is
3000 ms. For the present study, and due to differences in presentation times that facilitate
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responding in the Flankers test compared to Yellow-Red tests that assess inhibition, those
correct responses selected after 1500 ms following stimulus presentation were scored with
0.5 points (equivalent to half of the correct response). In addition, responses selected before
200 ms were scored with 0 points.

Congruent Incongruent Mixed

Figure 9. Description of the Hearts and Flowers test phases.

2.1.3. Modified Card Sort Test

This test assesses cognitive flexibility in the face of changes in the rules of the task. It
is a child version of the Wisconsin Card Sorting Test, in which fewer items are considered
than in the original version, and only unambiguous cards are presented for sorting. What
is essential is the ability to search for a new sorting category when the rule changes
implicitly. The Inquisit Web 6 platform (Millisecond Software LLC 2021) was used. The
test corresponds to the Chilean Spanish version and follows the procedure described by
the authors of the instrument (Borchert 2021; Nelson 1976). The test consists of the subject
having to classify one letter per item according to the similarity in a category with one of
the four letters displayed below. Two blocks of 24 items are presented, and each of the 24
cards presented in each block has a maximum of one characteristic in common with the four
response cards; thus, there are no ambiguous items. The cards in each block are presented
randomly and without repetition. For each block, the same order of sorting criteria is
followed: color, shape, quantity, repeating the pattern consecutively (see Figure 10). The
rule changes automatically after six consecutive correct answers in each category. The score
corresponds to the number of correct answers (Figure 11).

Congruent Incongruent

4 AV )

\ \

- NN N

Figure 10. Description of test items *3.
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Color Classification (x6) Shape Classification (x6) Number Classification (x6)

e | odbs

Figure 11. Description of classification categories of the Modified Card Sort Test.

2.1.4. Digit Span

This test corresponds to a subtest of the Wechsler Intelligence Scale for Children, 5a
edition (WISC-V), in its standardized version for the Chilean population (Rosas et al. 2022).
This subtest corresponds to one of the two tests that make up the working memory index
(Rosas and Pizarro 2018). It comprises three tasks: (1) Digits in Direct Order: a sequence
of numbers is read to the participant, which he or she must repeat in the same order. (2)
Digits in Reverse Order: the second sequence of numbers is read to the participant, which
the person must repeat in reverse order. (3) Sequenced Digits: in the third sequence of
digits, the participant must repeat them in ascending order. Each task includes two practice
attempts to ensure the understanding of the task. Each of the three tasks has nine items,
each containing two attempts. As the items progress, they have more items to remember;
for example, item 1 has numbers, while item 9 has ten numbers in the Digits in Direct Order
task. The test has a suspension criterion, which is applied when the child makes a mistake
in two attempts at the same item. The total score corresponds to the sum per task of each
correct attempt (one point) answered by the subject.

2.1.5. Verbal Fluency Test

Researchers decided to develop a task to assess verbal cognitive flexibility. The test
consisted of naming as many items that met specific characteristics as possible in 60 s. The
instruction given to the children was the following: “Please name as many things that
you like as fast as you can”. The answers were recorded to be scored later, considering
as a score the sum of words expressed within the time limit. This test is not part of the
Yellow-Red battery; it was developed to have a second test of verbal flexibility to contribute
to the factorial structure of the model.

2.1.6. School Adaptation Index

This index corresponds to a composite score between the TRF and the average grades
obtained by the student the year prior to the evaluation. The index is expressed in per-
centiles, in which each measure weighs 50%.

Teacher Report Form 6-18, Spanish version (TRF): To obtain information on school
adjustment, four questions were used that are not part of the questionnaire itself but of
a section of contextual questions on general aspects of the adjustment observed by the
educator, such as the degree to which the educator perceives that the student makes an
effort, if the student seems happy, if he/she behaves appropriately, etc. The questions were
answered in Likert format, with zero points indicating “Much less than the average of
their peers,” while a score of seven indicated “Much less than the average of their peers”
(Achenbach and Rescorla 2001). Thus, the maximum possible raw score was 28 points. This
score was transformed into a percentile so that a score of 28 points was equivalent to 100%
TRF-Adaptation.

Academic Performance: The second measure of school adjustment corresponds to
the grade point average obtained by the student in 2020. This average ranged from 0 to
7 and was reported by the students’ schools. The average obtained was transformed to a
percentile so that grade seven corresponded to 100% academic performance.
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2.2. Sample

The Yellow-Red standardization process was approved by the Scientific Ethical Com-
mittee of Social Sciences, Arts, and Humanities of the Pontificia Universidad Catélica de
Chile. Sampling focused on subjects having sufficient variability in the following character-
istics: SES, gender, age, and school adjustment, for which the individual school adjustment
index described in the previous section was used. Table 2 shows the sample distribution
according to SES, gender, and level of education of each student.

Table 2. Sample distribution by SES, gender, and grade.

Low SES High SES
Female Male Female Male Total
N % N % N % N % N %

Kinder 9 3.67 9 3.67 12 4.90 14 5.71 44 17.96
1st Grade 10 4.08 11 4.49 10 4.08 10 4.08 41 16.73
2nd Grade 10 4.08 10 4.08 10 4.08 10 4.08 40 16.33
3rd Grade 3 1.22 7 2.86 12 4.90 12 4.90 34 13.88
4th Grade 9 3.67 12 4.90 12 4.90 9 3.67 42 17.14
5th Grade 10 4.08 7 2.86 10 4.08 10 4.08 37 15.10
6th Grade 2 0.82 1 0.41 3 1.22 1 0.41 7 2.86
Total 21.6 23.2 28.1 26.9 24 100.0

Note. SES = Socioeconomic Status.

The sample consisted of 245 participants (122 girls); 110 belonged to the low SES and
135 to the high SES. The socioeconomic categorization proposed by the Quality Agency of
the schools attended by the students was considered to define their SES. This categorization
considers the parents’ educational level, the family’s average monthly income, and the
vulnerability index. This index was calculated based on the percentage of students in the
school who are in extreme poverty or at risk of school failure. The first three indicators
were obtained through a survey answered by the families of the children who took the
SIMCE test (a national standardized test to assess Math and Language). The last one was
obtained from the Junta Nacional de Auxilio Escolar y Becas (JUNAEB) data.

The students came from schools in Santiago, Chile, in grades from kindergarten to 6th
grade.

All students took all the tests. Only two children did not participate in the Flies subtest.
These missing cases are due to one child with suspected color blindness (necessary for the
test) and one child not responding.

The principal of each school agreed to participate in the study and gave the autho-
rization to contact students’ families. All participants were authorized by their parents or
legal guardians through a letter of informed consent; they also went through the informed
consent process.

2.3. Procedure

Students were assessed at home or at their educational establishments during school
hours in a room provided by each school to carry out the procedure. The evaluations were
carried out at the end of the current school year (second semester 2021). The assessment
was conducted in one 60-min session for students in grades two through six and two 30-min
sessions for those in kindergarten and first grade. A trained evaluator administered all
tests individually in oral or digital format (Tablet format).

Traditional format tests were administered first, i.e., oral question-answer tests. These
were the subtests of the WISC-V. In this case, the evaluators recorded the answers on the
Tablet, and after the evaluation, they scored the tests. Subsequently, the tests were applied
in digital format; first were the gold standard tests, Hearts and Flowers, followed by the
Flanker test and the Card Sort Task, which were presented randomly, according to the
definition in the programming of the application. Then, the Yellow-Red battery tests were
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applied in the following order: Cat-dog, Triads, Arrows, Binding, Farm (auditory and
visual), and Flies. Finally, the verbal fluency test was applied.

Regarding missing data, the analyses were carried out considering the two students
mentioned above as missing cases and using the listwise method for the multivariate
analyses.

The data analysis was performed with SPSS 27 for all analyses except the confirmatory
factor analysis performed with Mplus 8. The analysis plan was structured as follows: to
determine internal consistency, a reliability test was performed. To assess the validity of
Yellow-Red, the progression of scores according to age was evaluated, using the course
attended by the students as a proxy for this variable. The difference in scores for each
test between kindergarten, third, and fifth grade was reported. To obtain evidence of
convergent and discriminant validity of the Yellow-Red test, an analysis of correlations
with reference variables (gold standards) and with a variable that theoretically did not
correlate with the instrument was carried out. To check the structure of the test, three
confirmatory factor analyses were carried out: for the full sample, for younger students,
and for older students.

3. Results
3.1. Evidence of Reliability

As can be seen in Table 3, the evidence of test reliability is excellent, both in internal
consistency indicators and in bipartition indicators (for the Flies test, an internal consistency
indicator could not be calculated). In five of six tests, the coefficients exceeded 0.8, which is
considered very good. In the Cat-Dog test, the value was above 0.9, which is considered
excellent.

Table 3. Reliability analysis, internal consistency, or bipartition indicator.

Yellow Red Cronbach’s Alpha Pearson’s r
Flies 0.82 **
Arrows 0.88
CatDog 091
Binding 0.86
Farm 0.82
Triads 0.86

Note: Interpretation of Cronbach’s alpha values: « > 0.9, excellent; 0.9 > « > 0.8, good; 0.8 > « > 0.7, acceptable;
0.7 > o > 0.6, questionable; 0.6 > « > 0.5, poor; 0.5 > «, unacceptable. ** = p < 0.01.

3.2. Evidence of Validity
3.2.1. Progression of Executive Functions with Age

’

The progression of the results according to age showed clear evidence of the tests
validity. As shown in Figure 12, all the tests, except for Farm, showed an evident progression
concerning age. Although, in all of them, a flattening of the curves was observed towards
older ages, which may indicate that the test decreased its discriminative capacity as the age
of the children increases. Regarding Farm, it reached its highest value in third grade and
practically did not increase in the following grades (Figure 12).

A one-way ANOVA was performed to test the progression of scores according to age.
The test was conducted considering kindergarten, second, and fifth grade, since the sample
size decreased in sixth grade. As can be seen in Table 4, all tests showed a statistically
significant increase in scores according to age. Additionally, the effect sizes were all above
0.14, which is considered large. The post hoc Tukey analysis indicated that the difference of
1.47 points (95% CI [—3.28, 0.34] p = 0.136) on average between kindergarten and second
grade on the Farm test was the only comparison that was not statistically significant.
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Figure 12. Age progression of estimated marginal means by subtest.

Table 4. ANOVA results.

N M SD SE F(2,118) n?

Kinder 44 18.000 4.393 0.662

Arrows 2nd grade 40 24.775 4.554 0.720 87.773 *** 0.598
5th grade 37 30.108 3.204 0.527
Kinder 44 4.659 2.828 0.426

Binding 2nd grade 40 7.875 3.750 0.593 55.644 *** 0.485
5th grade 37 12.568 3.516 0.578
Kinder 44 46.818 24.819 3.742

Flies 2nd grade 40 82.825 24.142 3.817 68.352 *** 0.541
5th grade 35 107.629 20.150 3.406
Kinder 44 10.611 2.639 0.398

Triads 2nd grade 40 12.810 4.501 0.712 28.096 *** 0.323
5th grade 37 16.600 3.498 0.575
Kinder 44 11.386 5.809 0.876

CatDog 2nd grade 40 22.063 5.330 0.843 88.948 *** 0.601
5th grade 37 26.500 4531 0.745
Kinder 44 5.182 3.208 0.484

Farm 2nd grade 40 6.650 3.393 0.537 24789 *** 0.296
5th grade 37 10.541 3.884 0.639

< 0.001.

3.2.2. Evidence of Convergent and Discriminant Validity

Table 5 presents the correlations of the YR tests with their corresponding gold stan-
dards and with a test that theoretically should not correlate significantly with executive
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functions, e.g., the mental health variable as perceived by teachers on the TRF scale. This
variable corresponds to the response to the question to what degree is (the student) happy
and content? As can be seen in Table 5, all the correlations observed were significant at 1%,
with values ranging from 0.42 (flexibility) to 0.73 (behavioral inhibition). Likewise, all the
correlations with the discriminant test were close to zero and insignificant.

Table 5. Correlations between Yellow-Red subtests and their corresponding gold standard and TRF
(mental health test, not related to measured skills).

The Gold Standard . Correlation with
Yellow-Red Subtest (Reference) Correlation TRE
Flies Flankers 0.59 ** 0.02
Arrows Flankers 0.72 ** 0.03
CatDog Hearts and flowers 0.63 ** 0.00
Binding Digit Span WISC V 0.57 ** 0.08
Farm Digit Span WISC V 0.63 ** 0.06
. Modified Card Sort Test 0.42 ** 0.12
Triads Oral Fluency 0.37 ** 0.17*

Note WISC V Digits: Mean score obtained in forward, backward, and sequencing digits. Correlation using
Pearson’s r: ** = p < 0.01.

3.2.3. Evidence of Factorial Validity

The factorial structure of executive functions during childhood and early adolescent
development goes from being a unitary construct to being progressively differentiated
into two factors. Later in adolescence and adulthood, it shows a structure in which three
differentiated factors emerge but maintain a certain level of correlation between them
(Lehto et al. 2003; Shing et al. 2010; Willoughby et al. 2012). In the present study, we sought
to test whether the Yellow-Red subtests also reflected the increasing diversification of the
components of executive functions with age. For this, a series of CFAs were carried out,
which allowed for interpreting the relationship between observed variables (in this case,
the results in each of the Yellow-Red tests) with latent variables or the components of the
executive functions, and the relationship existing between the latent variables. The three
latent variables defined are: inhibition (I), for which the observed variables corresponded
to the results of the Arrows (ARR) and Flies (FLI) subtests. The latent variable working
memory (WM) was composed of the observed variables Binding (BIN) and Farm (FAR),
while the latent variable cognitive flexibility (CF) was composed of Triads (TRI) and Cat-
Dog (CAT). The models tested ranged from most differentiated to least differentiated.
Thus, the first model evaluated a structure of three latent factors. The second model was
composed of two factors, in which two components were combined into one latent variable
and a third factor was left with only one latent variable. This model had three versions, in
order to test all possible combinations between components. Finally, the simplest model
was the one with a single latent variable, which grouped all the components of executive
functions (see Table 6).

Table 6. Proposed models for confirmatory factor analysis.

Model Factor 1 Factor 2 Factor 3
Model 1 I WM CF
Model 2A (I+WM) CF
Model 2B I (WM + CF)
Model 2C (I+CF) WM
Model 3 I+ WM + CF)

Note. I = inhibition, WM = working memory, CF = cognitive flexibility.
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To test the increasing differentiation in the components of executive functions, the
analysis was carried out in three groups; one considered the entire sample, i.e., students
from kindergarten to sixth grade. The second group considered the youngest children
in the study, kindergarten and first grade students. Finally, the analysis was conducted
with the older children, students from second to sixth grade. The CFA was performed
using a robust maximum likelihood estimator (MLM), which allows the analysis to be
performed with variables that present distributions with a certain level of abnormality.
For each group analyzed, a table is presented with the five models and their respective
adjustment statistics. The model with the best fit to the data was highlighted, which was
then represented graphically, indicating the parameters for each of the variables.

Each of these models was tested under three conditions: the first condition considered
the whole sample, the second condition considered only the youngest children in the
sample (kindergarten and first grade), and the third condition included only the oldest
students (second to sixth grade).

Confirmatory factor analysis: Kindergarten to sixth grade

The results shown in Table 7 indicate that, for the whole sample, the model that best
fit the data corresponded to model 3 (see Figure 13), which considered a single factor that
included the three components of executive functions. Models 1, 2.A, and 2.B presented
latent factors with correlations greater than 1, which prevented an accurate estimation of
their degree of fit. In this case, it was recommended to collapse the factors that presented
problems. Models 2C and 3 presented statistically significant x> values and p-values,
indicating a low level of fit. However, this could be due to the small number of participants,
as the x? statistic is very sensitive to the N of the sample (Byrne 2011). When analyzing
the rest of the goodness-of-fit indicators for models 2C (CFI = 0.974; RMSEA = 0.095;
SRMR = 0.038) and 3 (CFI = 0.974; RMSEA = 0.089; SRMR = 0.38), we saw that both
models presented adequate values for CFI (greater than 0.95) and SRMR (lower than 0.08),
but presented difficulties concerning RMSEA (values higher than 0.06 were observed).
However, model 3 presented a value closer to what was expected; thus, it was considered
the most adequate model.

1.00,

ARR [TRI CAT

.76 .26

.2 3

Figure 13. Model plot confirmatory factor analysis (kindergarten to sixth grade). Note. F1 = Model 3
(I+ WM + CF). ARR = subtest Arrow. FLI = subtest Flies. FAR = subtest Farm. BIN = subtest Binding.
TRI = subtest Triads. CAT = subtest Cat-Dog. All modeled correlations and path coefficients are
statistically significant (p < 0.001).
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Table 7. Goodness of fit indices for alternative CFA models (kindergarten to sixth grade).
Model df N p CFI RMSEA RMSEA 95% CI  SRMR
(1) -'WM-CF @ 6 19.545 0.003 0.980 0.096 0.051-0.146 0.033
2.A) I+WM)-CF? 8 19.883 0.010 0.982 0.078 0.035-0.122 0.033
(2.B)I- WM +CF)? 8 25.013 0.002 0.975 0.094 0.054-0.136 0.039
(2.C) I+ CF)-WM 8 25.624 0.001 0.974 0.095 0.055-0.138 0.038
3) @+ WM + CF) 9 26.308 0.002 0.974 0.089 0.051-0.129 0.038
Note. * = The latent variable covariance matrix (PSI) is not positive definite. The model with the best fit is
highlighted in bold.
Confirmatory factor analysis: Kindergarten and first grade
As we can see in Table 8, the confirmatory factor analysis results for kindergarten and
grade 1 children indicated that the best-fitting model was model 3 (see Figure 14), which
indicates the existence of a single latent factor grouping the observed variables. The CFI
value of 0.92 indicated an adequate fit. However, RMSEA (greater than 0.10) and SRMR
(greater than 0.065) indicated a low model fit. However, this could be due to the small
sample size. Models 1 and 2A, 2B, and 2C were discarded because the latent variable
covariance matrix (PSI) was not positive definite.
Table 8. Goodness of fit indices for alternative CFA models (kindergarten and first grade).
Model df X2 p CFI RMSEA RMSEA 95% CI  SRMR
(1) -WM-CF @ 6 7772 0.255 0.985 0.059 0.000-0.161 0.041
2.A) I+WM)-CF? 8 13.765 0.088 0.950 0.092 0.000-0.172 0.055
(2.B)I- WM +CF)? 8 18.551 0.018 0.909 0.125 0.049-0.200 0.065
(2.C) I+ CF)-wWM? 8 14.601 0.067 0.943 0.099 0.000-0.1770 0.056
(3) I+ WM + CF) 9 18.731 0.028 0.916 0.113 0.036-0.185 0.065

Note. = The latent variable covariance matrix (PSI) is not positive definite. The model with the best fit is
highlighted in bold.

TT 8 .8

Figure 14. Model plot confirmatory factor analysis (kindergarten and first grade). Note. F1 = Model
3 (I+ WM + CF). ARR = subtest Arrows. FLI = subtest Flies. FAR = subtest Farm. BIN = subtest
Binding. TRI = subtest Triads. CAT = subtest Cat-Dog. All modeled correlations and path coefficients
are statistically significant (p < 0.001).
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Confirmatory factor analysis: Second to sixth grade

The best fitting model for students in grades 2-6 was model 2C (CFI = 0.926; RM-
SEA = 0.095; SRMR = 0.52). Models 1, 2A, and 2B were unacceptable, as the latent variables
had correlations greater than 1. Model 3 was discarded as it had a lower fit than model 2C
(see Table 9). Model 2-C is represented in Figure 15.

Table 9. Goodness of fit indices for alternative CFA models (second to sixth grade).

Model df N p CFI RMSEA RMSEA 95% CI ~ SRMR

(1) -'WM-CF @ 6 16.714 0.010 0.931 0.106 0.047-0.168 0.048
(2.A) (I + WM)-CF 2 8 21.337 0.006 0913 0.103 0.051-0.157 0.053
(2.B) I-(WM + CF) @ 8 22321 0.004 0.907 0.106 0.055-0.160 0.056
(2.C) (I + CF)-WM 8 19.474 0.012 0.926 0.095 0.042-0.150 0.052
(3) (I + WM + CF) 9 23917 0.004 0.903 0.102 0.054-0.153 0.056

Note. = The latent variable covariance matrix (PSI) is not positive definite. The model with the best fit is
highlighted in bold.

1.00, 1.00,

71

2

Figure 15. Model plot confirmatory factor analysis (second to sixth grade). Note. ICF = Inhibition plus
cognitive flexibility, WM = working memory, ARR = Arrows, FI = Flies, TRI = Triads, CAT = Cat-Dog,
FAR = Farm, BIN = Binding. All modeled correlations and path coefficients are statistically significant
(p < 0.001).

.59

4. Discussion

This article described the Yellow-Red test’s standardization process for assessing
executive functions in children aged 6 to 11. The development of this test responded to the
need for instruments that allow valid and reliable measurement of executive functions due
to the high impact they have on academic performance, as well as on work adaptation and
emotional stability in adulthood (Diamond 2016).

The need for instruments designed specifically for child assessment, which also have
solid validity and reliability indicators, was highlighted. The Yellow-Red test adequately
responded to this demand, being, to our knowledge, the only instrument to measure
executive functions playfully, based on a Tablet format, which independently assesses the
three basic components of executive functions postulated by Miyake et al. (2000) and has
psychometric evidence that supports its reliability and validity.

Yellow-red is a test designed specifically for assessing executive functions in children,
and its development considered the four aspects raised by Germine et al. (2019). The Yellow-
Red test has several advantages over other assessment instruments. The test is attractive to
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users because, on the one hand, the use of a digital medium that can be manipulated directly
by children takes into account the high technological proficiency demonstrated by students
belonging to generations of digital natives (Mcmanis and Gunnewig 2012; Sweeney and
Geer 2008). On the other hand, it incorporates playful dynamics, which has been shown
to positively impact children’s motivation and engagement (Perrotta et al. 2013). On the
other hand, using playful tests with digital support increases the chances of accuracy in
the assessment results, especially in the case of children with learning difficulties (Rosas
et al. 2015). Finally, as there is no evidence that the digital format interferes negatively
with the cognitive assessment process of children (Kingston 2009; Wang et al. 2008), the
incorporation of technology and gamification, such as the Yellow-Red battery, is considered
relevant.

Although there are other instruments designed to assess the various components
of executive functions, both independently and in general, many of these do not have
information regarding their psychometric properties, which significantly reduces their
reliability. Examples of this are Espy’s Shape School test (Espy 1997), which assesses
flexibility and inhibition in preschoolers; the Dimensional Change Card Sorting Test (DCCS)
(Zelazo et al. 1996), which assesses flexibility; and the Hearts and Flowers test, which
theoretically assesses the three components, initially called Dots (Davidson et al. 2006;
Diamond et al. 2007).

On the other hand, they are standardized instruments with evidence of reliability and
validity. However, they are oriented only to one of the components of executive functions,
or they frame their evaluation as a part of a more general cognitive function. This is the case
for the WISC-V Digit Span subtest, which assesses working memory in isolation based on
the application of three subtests (digit span forward, backward, and sequencing), of which
strictly only the last two assess working memory (the first assesses short term memory);
for the Woodcock-Mufioz number reversal and auditory working memory subtests, which
are oriented to the assessment of working memory; and for the concept formation subtest,
related to cognitive flexibility (Schrank et al. 2005). Thus, although we have standardized
instruments, their design was not focused on evaluating executive functions and even less
on the specific assessment of their components. Still, they are oriented to general cognitive
skills or school performance.

However, other instruments have several characteristics attributed to the Yellow-Red
battery. An example of this is the battery developed by Zelazo et al. (2013), which is
also game-based and presented in a Tablet format, and it proposes the evaluation of the
three basic components of executive functions; a clear differentiation of the components
cannot be made because the total assessment is based only on the use of two tests (DCCS
and Flankers), which could generate a contamination of the tasks and therefore difficulty
in isolating the performance in each of its components. On the other hand, Yellow-Red
has at least one test to evaluate each component, which strengthens the possibilities of
differentiation.

One of the main pieces of evidence of the validity of the Yellow-Red test is the excellent
correlations obtained with instruments considered gold standards for each component.
The convergent and discriminant validity analysis showed conclusive results regarding the
quality of each subtest to assess, respectively, the factors of inhibition, working memory,
and flexibility.

On the other hand, test results generally show a progression with age. That is, perfor-
mance improves in direct relation to age. This is in line with the progressive development
of executive functions, which has been widely described in the literature (Friedman and
Miyake 2017; Miyake et al. 2000; Gathercole 1998). As shown, the onset of executive func-
tion development begins during the first months of age and continues into adulthood. The
results presented here align with the expected progress in executive function development.
One particularly striking result is the performance in the ‘Farm’ test (Figure 12). Here, a
clear difference was seen between the results obtained by participants in grades K-2 and
grades 3-6. This result may be related to the progressive development of working memory,
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which increases by one unit of information every two years. Thus, given that there are
participants of different ages in each grade, the K-2 group corresponds to participants
with an average age of 7.2 years (StdDev = 0.9), and the 2-6 grade group corresponds to
participants with an average age of 10.4 years (StdDev = 0.9). A possible explanation for
this observed result is that, in the second group (3-6 grades), the development of some
skills necessary for a good performance in WM tests has started (Gathercole 1998). In
particular, rehearsal and practice-by-repetition strategies, whose development starts at
seven years, should be more present in the second group (3rd-6th grade) (Chooi and Logie
2020; Morra 2015).

The confirmatory factor analysis of the six Yellow-Red subtests, plus the one carried
out with the gold standard tests, recognizes and reaffirms that Chilean children’s executive
function structures progressively differentiate with age. Starting with a common factor
at preschool age, as demonstrated by Wiebe et al. (2008) and Willoughby et al. (2012),
until around six years of age and differentiating into two factors in middle childhood,
from seven to 12 years of age, as found by Shing et al. (2010). One factor linked to
inhibition and another related to cognitive flexibility, sharing working memory tasks, can
be distinguished. However, as Wiebe (2014) points out, the evidence for two factors is
robust, but their composition is not.

Future research should clarify whether, by taking a wider age range, the three factors
can be more clearly differentiated. For this, the test should be applied to students up to at
least 12 years of age.

5. Conclusions

After a rigorous development, adaptation, and standardization process, it was possi-
ble to develop a battery for an exhaustive assessment of executive functions, considering
global indicators and specific measures for each primary component. All the subtests that
compose it have sufficient evidence of validity and reliability. The Yellow-Red executive
function assessment battery responds to the needs of the academic, clinical, and educa-
tional communities. By having an appropriate assessment instrument, researchers and
practitioners can accurately assess children’s executive functions at an early age, which
allows for the detection of possible difficulties and the strengthening of skills that could
present difficulties.

Future research will explore the longitudinal use of this tool in various contexts and
demonstrate the practical impact of a playful, technology-based instrument that allows
both the general and isolated assessment of the different components of executive functions.
This could imply the consideration of these results in the design of clinical interventions
and educational programs, which, considering the broad impact of executive functions in
diverse areas of human development, could contribute to the possibilities of correcting
difficulties and strengthening those aspects necessary to improve people’s quality of life.

6. Limitations

The present study showed strong evidence for the validity and reliability of Yellow-
Red. However, the sample size comprised rather small groups, mainly when classified by
age and SES. These sample sizes may affect the interpretability and extrapolation of results
to more diverse populations. In this sense, complementing the present study with studies
conducted in other populations, countries, and cultures would provide information on the
instrument’s usability in other cultural contexts.
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