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Abstract

Executive functions (EFs) are cognitive skills that regulate thoughts and behavior. The seminal EF unity and diversity theo-
retical framework proposes the existence of three correlated EF latent domains (inhibition, updating, and switching) that
become distinguishable from a certain moment during adolescence, but it is unclear how age and socioeconomic status (SES)
affect these abilities. Here, we assessed 407 9-15-year-old Iranians of variable SES using an open-access battery of executive
function tests that includes two tasks of each EF domain and allows for sociocultural adaptations regarding language and
stimuli. Various EF model configurations proposed in the literature were tested (one, two and three EF latent factor, nested
and bifactor-S-1 models) using confirmatory factor analyses. In addition, to explore the unbiased effects of age and SES,
we performed invariance testing (across age and SES) using multiple indicators multiple causes (MIMIC) model to the best
fitting model solution. The three-correlated EF factor model had the best fit and was mostly invariant across age and SES,
with all three EF latent traits improving with age, while SES exerted only minimal positive effects on shifting and updating.
We concluded that the three separable EF domains, found in adults and adolescents of other ages from different populations,
can already be detected from the beginning of adolescence when culturally and psychometrically appropriate EF tasks are
used. Additionally, these abilities continue to improve with age and are little affected by SES, suggesting that the unity and
diversity framework is useful to study the cross-country generality of EF development.
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Introduction

Executive functions (EFs) encompass several cognitive skills
associated with the concept of controlled attention that are
responsible for regulating thought and behavior to reach
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goals that are in people’s minds at a given moment (Fried-
man & Miyake, 2017). EFs are of interest to many fields
because they are associated with current and future physical
and mental health and well-being, as well as other issues such
as academic and professional success (Moffitt et al., 2011).

The unity and diversity model of EF

A seminal theoretical framework in the study of EF, the unity
and diversity model of EF (Miyake et al., 2000), initially
suggested the existence of three correlated (“unity”) execu-
tive domains that were also statistically separable (“diver-
sity””) in adults. These domains are: (1) inhibition (of prepo-
tent responses), the ability to inhibit automatic behaviors; (2)
updating, the ability to continuously replace the content in
working memory that is no longer relevant with new infor-
mation necessary to achieve given goals; and (3) switching
(or shifting), the ability to switch between different tasks.
The unity and diversity aspect of this model was confirmed
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using confirmatory factor analysis (CFA), which requires data
from two or more tasks that tap each of the three domains.
This allows latent scores for each domain to be obtained, which
represent the variance that is shared between tasks, and thus
circumvents problems of task impurity (Friedman & Miyake,
2017), that is, the contribution of other, non-executive cognitive
abilities to test scores, which vary from task to task.

The same team of researchers who put forward this EF
model found in subsequent studies that another model
specification (see Friedman & Miyake, 2017), which has
been called a “nested factor” model (Karr et al., 2018),
had a better explanatory power in adult samples. In this
alternative model, the common EF variance (that is, the
shared variance among the three domains in the initial
three factor model) was almost perfectly correlated with
the inhibition latent factor. In this new bifactor specifica-
tion, all tasks load on this common factor, akin to inhibi-
tion ability, which purportedly represents the ability to
form, maintain, monitor, and apply goals (Friedman &
Miyake, 2017). However, performance in switching and
updating tasks in this later model load on specific factors
that are not correlated with the common factor, capturing
the remaining variance that is not accounted for by the
common EF factor. There is, however, a great deal of con-
troversy surrounding which model structure best explains
the unity and diversity of EFs, as explained below.

Diversity of EF factor structures in the literature
and the effects of age

A meta-analysis by Karr et al. (2018) showed that the most
replicated factor solutions vary from age to age. When the
three domains are tested, the most commonly replicated
structure in adults are the three-correlated and the nested
factor solutions. In contrast, in children (preschool) only one
factor is usually observed, indicating that the EF domains
are not yet separable at this age (Karr et al., 2018). Dur-
ing adolescence, which is the age of interest here, the three
factors have been found to be psychometrically separable
(Duan et al., 2010; Engelhardt et al., 2015; Hartung et al.,
2020; Lee et al., 2013; Wu et al., 2011; Xu et al., 2013;
Zanini et al., 2021; for a review see Karr et al., 2018). How-
ever, it is unclear if this fractionation is already present at
the onset of adolescence, if it occurs later, in the first half
of adolescence which encompasses the pubertal transition
(until around 15 years of age), or if it is found only later on,
close to adulthood. This is because studies vary widely in
terms of the age range of their samples. Also, some stud-
ies that include adolescents report only a single-factor (e.g.,
Xu et al., 2013) while others two-factor models (inhibition
merged with switching: Lee et al., 2013; updating/working
memory merged with inhibition: Huizinga et al., 2006; van
der Sluis et al., 2007).
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These inconsistencies among previous publications in
terms of the factor structure of EF might be related to the-
oretical misconceptions. The development of EFs is often
demonstrated with the use of tasks that are not representa-
tive of the cognitive domains in the original model (Morra
et al., 2018). For instance, working memory capacity tasks
are often regarded as measures of updating, and cognitive
flexibility tasks are misconstrued as assessing switching (e.g.,
Diamond 2013). In addition, the different age ranges investi-
gated in each of these studies may be the reason for the dis-
cordant findings regarding factor structure. Intense cognitive
maturation, and structural and functional brain transforma-
tions take place during adolescence, partly due to pubertal
changes (Goddings et al., 2019). Therefore, it is possible that
the three domains can only be captured as separable after a
particular stage in adolescence is reached, but this has not yet
been determined. There is previous evidence of the fractiona-
tion of the three-correlated EFs in early adolescence (up to
15 years of age) using the Free Research Executive Function
Evaluation (FREE) (Zanini et al., 2021), an open-access bat-
tery of executive function tests, which includes tasks drawn
from the literature and adapted for use in diverse, non-Eng-
lish speaking populations to measure the unity and diversity
of the EFs as originally proposed by Miyake et al. (2000).
However, the effects of age are not clear in this literature. To
establish this, invariance across age must first be determined,
and this has not been tested for in models with more than one
EF factor. Evidence of invariance across age means that the
constructs that are under investigation, in the present case,
EF, are equivalent regardless of the participants’ age (Brown,
2014). This is, therefore, a mandatory step (Meredith, 1993)
before analyzing whether and/or how EF develops as adoles-
cents become older.

Other limitations in the literature

Even if tasks are adequately selected and age is found to be
invariant, advances in this field have other constraints such
as psychometric issues that can impact the factor structure
that is found. Karr et al. (2018) point out that there are many
limitations in published studies not only regarding the large
variety of tested factor structures, but also relating to the
low rates of convergence of the models and the dearth of
models that meet acceptable fit thresholds. These limitations
are generally due to low power and/or variety in analytical
modelling decisions, such as whether or not to include resid-
ual correlations and other modifications that can improve
convergence and model fit. Most of the studies reviewed by
Karr et al. (2018) also presented only one or a few possible
factor structures, so it is impossible to tell how well other
model specifications might have accounted for the data.
Another issue that can, in part, explain the variability in
results across studies (Karr et al., 2018) is that publications
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in this field differ in the choice of the use of speed or accu-
racy as the dependent variable in different tasks. These ana-
lytical decisions are not usually based on a clear rationale, so
that differences in the variability of these types of data and
task-specific and/or individual differences in speed-accuracy
trade-off (Zanini et al., 2021) could potentially interfere in
the determination of the latent factors.

Cultural and socioeconomic influences on EFs

Importantly, to establish the best EF factor structure in
samples from different countries, tasks and stimuli must be
adapted to the sample’s sociocultural context. The reason
for this is that cultural practices likely influence information
processing and responses to stimuli (Henrich et al., 2010)
due to differences in language, numeral systems, social
norms and various other factors. This must be considered
because classic tasks used to measure EFs were created for
samples from developed countries which, besides present-
ing intrinsic cultural specificities (Haft & Hoeft, 2017; Hen-
rich et al., 2010), often do not include participants from a
wide range of different backgrounds and/or who have fewer
opportunities in life. One of the many ways of measuring
this is to consider socioeconomic status (SES), which var-
ies a great deal in developing countries, such as Iran, where
the present study took place. It is essential that this vari-
ability is taken into account when investigating the effects
of SES on EF (see Lawson et al., 2018). Low SES has been
shown to negatively affect the development of EFs and other
cognitive abilities across childhood and adolescence via a
variety of mechanisms (Foulkes & Blakemore, 2018; Haft
& Hoeft, 2017), including impaired structural and func-
tional brain maturation and neuroendocrine profiles due to
exposure to factors such as chronic stress and poor health.
Apart from these possible negative physiological effects as
a result of being from an underprivileged family, low SES
is also related to insufficient cognitive stimulation, usually
secondary to an inadequate school environment (Foulkes &
Blakemore, 2018; Haft & Hoeft, 2017). The effects of insuf-
ficient cognitive stimulation on EFs can be associated with
having fewer opportunities to employ EF (e.g., in academic
contexts) and/or because highly cognitively stimulated indi-
viduals may have better developed lower-level cognitive
skills that can influence performance in (higher order) EF
tasks, such as a larger vocabulary (Lurie et al., 2021). Fur-
thermore, parental factors such as education and/or positive
guidance (Foulkes & Blakemore, 2018; Haft & Hoeft, 2017)
also influence the development of EFs. For example, lower
levels of parental schooling have been associated with dif-
ficulties in inhibition and switching (McNeilly et al., 2021)
and working memory task performance (Montroy et al.,
2019). This factor is believed to have a significant impact
on cognition, to the extent that parental schooling has often

been used as a proxy for SES in studies with underaged sam-
ples (Foulkes & Blakemore, 2018; Last et al., 2018; Montroy
et al., 2019). Therefore, ideal EF tasks should minimize the
possibility of bias that result from participants being or not
from more affluent families. Additionally, as mentioned in
respect of the effects of age, invariance across SES must
be ensured before the extent of the effects of SES at the EF
latent trait level are established.

The present study

Considering all the above, the best structure that explains the
fractionation of EF in the first half of adolescence and the
effects of age and SES can only be determined if: (a) tasks
are carefully chosen so that they tap inhibition, updating and
switching as conceptualized by the authors of the model,
and there are at least two tasks of each domain to enable the
determination of EF latent scores; (b) the tasks are appropri-
ate in respect of the characteristics of the tested samples in
terms of age, culture/language and SES; and (c) data are ana-
lyzed considering different model specifications with up-to-
date psychometric models and invariance testing (Meredith,
1993) ascertained across age and SES. A test battery that
fits these criteria is the Free Research Executive Function
Evaluation (FREE; Zanini et al., 2021). The FREE is a non-
automated open-access battery that contains representative
tests of the three domains of EF proposed by Miyake et al.
(2000) and can be adapted for use in samples from distinct
cultural and socio-economic backgrounds. Moreover, the
tasks and instructions are simple and include easily-recog-
nizable stimuli that can be chosen to fit the characteristics of
the to-be-tested populations in terms of language and famili-
arity with the stimuli. Furthermore, responses are vocal and
the tasks are self-paced, with no time limit to respond to
each stimulus. This helps to avoid statistical distortions due
to the interference from inter-individual variability in psy-
chomotor and perceptual speed that are observed when key
presses and/or time limits are imposed (see Zanini et al.,
2021). The adequacy of the FREE battery has been assessed
in a sample of Brazilian adolescents (Zanini et al., 2021) and
it was shown to reflect a three-correlated factor solution that
was also found in adult and some other adolescent samples
(Karr et al., 2018). However, other model specifications and
invariance to age and SES were not tested.

The aim of the present study, therefore, was to deter-
mine which among many alternative model specifications
(reviewed by Karr et al., 2018) is the best fitting one in the
first half of adolescence in a sample from Iran, a develop-
ing country with high variability in terms of SES and low
quality education (Programme, 2020) compared to devel-
oped nations. We also investigated whether the best fitting
model was invariant across age and parental schooling. We
hypothesized that the three-correlated factor solution would
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be the best fitting model because it was the one that has been
most often reported at this age (Karr et al., 2018), especially
in studies that used representative tasks of the EF domains
of interest (Duan et al., 2010; Engelhardt et al., 2015; Wu
et al., 2011; Xu et al., 2013; Zanini et al., 2021). We also
expected to obtain evidence of invariance in terms of age
and SES because the tasks were devised to use highly famil-
iar stimuli that should not be more easily processed by older
and more highly cognitively stimulated individuals. We also
hypothesized that it would be possible to show age-related
EF improvement because these abilities mature at this age
(Foulkes & Blakemore, 2018) but that SES would have no or
minimal effect due to the selection of highly familiar stimuli.

Materials and methods
Participants

We tested a sample of 407 (170 girls) 9 to 15-year-old native
Persian-speaking Iranians who were drawn from public and
private schools in Tehran, Iran. Because paying for private,
usually higher quality schools in Iran, is only possible for
families with higher SES, we included students from both
types of schools in order to achieve a more representative
range of SES in the sample. Participants were enrolled in
the local equivalent of the United States grades 4 through 9
and had normal or corrected vision. They were included if
their guardians provided informed consent and reported that
they had no neurodevelopmental and/or mental disorders.

Procedures

All the procedures of this cross-sectional study were
approved by the Institutional Ethics Committee of the Edu-
cation Office of Tehran (Approval code: D/100/10,247,
DATE: 2018-11-01). Participants were randomly selected
by multi-stage cluster sampling based on city districts and
private/public school attendance as this reflects higher/lower
SES. To this end, the city of Tehran was divided into four
districts - north, south, east and west. From each of these
four districts, eight schools were selected: four primary
schools of grades 4, 5, and 6 (two private schools, one for
girls and one for boys; and two public schools, one for girls
and one for boys) and four secondary schools of grades 7,
8,9 and 10 (one private and one public school for girls, and
one private and one public school for boys). Fifteen students
from each school were tested (a total of 480 students, 240
boys and 240 girls). Students were provided with a brief
explanation about the aims of the study. Following local eth-
ical guidelines, selected individuals whose parents gave their
written consent and who met the eligibility criteria were
included in the study (if not, another individual with similar
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characteristics was randomly selected). Of the initial 480
students selected through this cluster sampling technique,
53 were excluded due to problems with data collection.
Participants were tested individually at their schools and
provided information on their age, sex and their guardians/
parents’ schooling. The examiners were trained to adminis-
ter and correct the tasks following a test manual based on
the procedures described by Zanini et al. (2021) (available
at https://osf.i0/px84t/?view_only=c42ee8e677e¢94{85a618
bb2640c12b5ct) which was initially written in Portuguese
by Brazilian researchers, translated by a native speaker into
English and, from English, into Persian (Farsi) by the Ira-
nian researchers. Due to school scheduling, the time of day
in which the tests were administered varied from student to
student. This was not controlled for because circadian effects
on EF are not clear in this field.

Demographic measures
Age and parental schooling

The participants reported their date of birth, which was
used to determine their age in months at testing. They also
selected their parents’ level of education following alterna-
tives based on Last et al. (2018): 1 =did not complete high
school; 2 =finished high school; 3 =completed two years
of higher, tertiary education; 4 =completed tertiary educa-
tion; 5 =master’s degree or above. The mean value for both
parents/guardians (or value of one if there was only one car-
egiver) was used as a proxy for SES (Last et al., 2018).

Cognitive measures
FREE battery

The FREE battery contains six tests that were adapted ver-
sions of tasks mainly drawn from international studies that
assessed the unity and diversity framework, two for each
of the three domains (inhibition, switching, and updating).
This battery of tasks is non-automated and self-paced,
and can be adapted in terms of instructions and choice of
stimuli so as to be appropriate for samples with different
SES, schooling levels, and cultural contexts. By cultural
contexts, we mean that not only can the language regarding
the task instructions be changed, but the order that the text/
stimuli is presented (e.g., from left-to-right as in European
languages to right-to-left as in Middle Eastern languages
such as Persian/Farsi) and the stimuli themselves can be
changed so that they represent concepts familiar to the
tested population. Details on the rationale for the choice
of tasks, the stimuli used, a description of how to adminis-
ter and to score performance are available in Zanini et al.
(2021). A description of the tasks can be found in Table 1;
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Table 1 Description of the self-paced executive function tasks per domain and scoring methods (based on Zanini et al., 2021)

Domain (Task) Paradigm

Scoring

Inhibition

Contains 3 blocks, each of which consists of 24 stimuli
(color patches or words) displayed on a single screen.
Participants name the ink color of patches (block 1),
words that are not color names (block 2) and words that
are color names written in incongruous ink colors (block
3). Block 1 is the control block, measuring speed to name
colors. Blocks 2 and 3 depend on participants’ reading
skills. Block 2 involves some inhibition (avoiding reading
the words to name their ink colors), and block 3 involves
the most inhibition (naming ink colors instead of reading
color names due to competition of lexical activation of
word and color hues). Adapted from Strauss et al. (2006).

(Happy-Sad Stroop) Contains 3 blocks, each of which consists of 20 facial emo-
tions displayed on a single screen. The first block is just to
automatize emotion naming and is not scored. In block 1,
participants name the emotions (happy or sad). In block
2, participants inhibit naming the emotion they see and
must instead name the opposite one (happy as sad or vice-
versa). Adapted from Kramer et al. (2015) and Lagattuta
et al. (2011).

(Victoria Stroop)

Updating

(2-Back) Each screen contains 10 square outlines in fixed locations,
one of which is filled in with black ink. As participants
pass from screen to screen, they answer if the black square
location they see is in the same or a different location as
the black square two screens back, continuously updating
these positions in working memory as the task progresses.
The total number of updating opportunities is 66. Adapted
from Friedman et al. (2008).

Each screen contains a single digit number (1 to 9). As
participants pass from screen to screen, they report the last
three seen digits (trios), in the same order as they were
presented, having to continuously update information held
in working memory (discarding the first digit of the trio
and adding the new digit that appears next, and so forth).
The total number of updating opportunities is 24. Adapted
from Miyake et al. (2000).

(Number Memory)

Switching

(Color-Shape) Contains 3 blocks in which single-colored geometric pic-
tures are presented on each screen (trial). As participants
pass from screen to screen, pictures must be classified by
shape (squares/circles) (block 1: 20 trials), by color (black/
gray) (block 2: 20 trials) or alternating (switching) clas-
sifications (block 3: 40 trials) according to cues presented
on top of the pictures (abstract shape for shape, rainbow
for color). Adapted from Miyake et al. (2004).

Contains 3 blocks in which single pictures are presented
on each screen (trial). As participant pass from screen to
screen, each picture must be classified as living or non-
living (block 1: 20 trials), big or small (block 2: 20 trial)
or alternating (switching) classifications without cues (liv-
ing/non-living, then big/small, and so forth) (block 3: 40
trials). Adapted from Friedman and Miyake (2004).

(Category Switch)

Inhibition cost: RCS of block 2 minus RCS of block 1 (non-
incongruous inhibition cost), and RCS of block 3 minus
RCS of block 1 (incongruous inhibition cost).

Inhibition cost: RCS of block 2 minus RCS of block 1

Total RCS (for accuracy in this case only: hits minus false
alarms)
(no control block)

Total RCS
(no control block)

Switching costs: RCS in block 3 minus the sum of RCS in
blocks 1 and 2

Switching costs: RCS in block 3 minus the sum of RCS in
blocks 1 and 2

Participants themselves passed from screen to screen using the arrow on the keyboard (self-paced tasks) and their answers were vocal. The
examiner wrote down the vocal answers and recorded the time taken to complete the task using a stopwatch. Scores used in the analyses were
Rate Correct Scores (RCS) and were obtained by dividing accuracy (vocal responses) per the total time taken to complete blocks/task timed by
the experimenter. See Fig. 1 for a visual illustration of the tasks
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Fig. 1 Illustration (in English, although tasks were administered in modern Persian (Farsi) of the two tasks of each executive functions domain:
inhibition (A and B), switching (C and D) and updating (E and F). See Table 1 for details of the tasks

Fig. 1 (for additional details, see https://osf.io/egdvc). All
the stimuli used were the same as those used with Brazilian
adolescents in the study by Zanini et al. (2021), except for
some color changes in the Victoria Stroop Task. In other
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words, no other adaptations had to be made regarding the
stimuli, which were found to be appropriate in pilot studies
with Iranian adolescents. The instructions were written in
Persian and the stimuli and text were presented right-to-left.
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All task instructions and written stimuli were presented in
Persian and are available at https://doi.org/10.17605/OSF.
I0/2BX8N, together with details of their administration and
scoring in Persian, English, and Portuguese.

The executive tasks were administered using laptops
in four different pseudorandom orders alternated with
other tasks and behavioral questionnaires which will not
be addressed here (e.g., Nouri et al., 2021). To carry out
the EF tasks, the participants read the instructions or had
them read to them if they preferred. The examiner clari-
fied any questions that arose. The students then briefly
practiced four trials for each block of the switching tasks
and two blocks with five trials regarding the updating
tasks to ensure they understood the instructions (except
for the inhibition tasks, for which there were no practice
trials, following methods used in other studies, although
sample stimuli were shown in the instructions). Prac-
tice trials were kept to a minimum to ensure participants
understood the tasks and yet did not become proficient,
which reduces the use of EF. If the instructions were
understood, the participant carried out the task. If not,
the instructions were explained again until the students
were able to perform the practice trials correctly or
reported having understood what they were supposed to
do. Participants themselves passed from screen to screen
using the arrow on the keyboard (self-paced tasks) and
their answers were vocal. They were asked to complete
the tasks as quickly as they could while avoiding mis-
takes. The blocks/tasks ended after the response to the
last stimulus (there were no interruption criteria). During
the tasks, the examiner wrote down the vocal answers
and recorded the time taken to complete the task using a
stopwatch. Sessions were recorded with the participants’
consent and erased once adequate scoring was ensured.
Breaks between blocks and tasks were offered and taken
if the students asked for them.

Instead of using reaction time or accuracy measures as
done by the majority of prior publications in this field, we
used the Rate Correct Score (RCS) (for details, see Zanini
et al., 2021). In this measure, the number of correct answers
is divided by the time (in seconds) taken to complete each
block (for inhibition and switching tasks) or task (updating
tasks). This was done because the RCS controls for speed-
accuracy trade-offs, and no guidelines are available in the
literature on when and why to select accuracy or reaction
times (see Karr et al., 2018).

There was only one difference in scoring compared to
Zanini et al. (2021), namely that scoring for the 2-back
updating task was altered because participants can guess
(without actually updating the content in their working
memory) by responding that all spatial configurations
are either different or the same as the one presented two
trials back (only 36% of trials are the same). Hence,

accuracy in this case was calculated as hits minus false
alarms (Hartung et al., 2020).

The variables used in the CFA models (see below) for the
inhibition and switching tasks were RCS absolute executive
costs, that is the extent to which adding executive require-
ments to the tasks in the last blocks reduced performance
compared to the control blocks (in other words, “excluding”
the use of other cognitive, perceptual and psychomotor abili-
ties that contribute to performance). This was determined by
subtracting the RCS in block 3 from the RCS in the control
blocks. Hence, for inhibition and switching costs, a lower
RCS indicated that the costs of executive requirement of
the last block were smaller, and therefore, executive abili-
ties were better. Conversely, a higher RCS indicated better
performance in the updating tasks, because as these tasks did
not include a control block, in these cases total scores were
used as per the literature. To facilitate the interpretability of
the results in the CFA models, we reversed the results signs
of the inhibition and switching tasks so that higher scores
would represent better performance, and correlations among
latent factors would all be positive.

Statistical analyses

The sample size was determined based on data from Zanini
et al. (2021), that is openly available, considering the three-
correlated factor model which we hypothesized it would be
replicable. A Monte Carlo simulation analysis evaluating the
power (i.e., 1-p) and other parameters showed that a sample of
320 would be sufficient (for details see Supplementary File).

Descriptive statistics were determined for all raw and
RCS measures (RCS per block in each task and RCS inhibi-
tion and switching absolute costs) using IBM SPSS Statistics
version 21 software for Windows (IBM Corp., Armonk, NY,
USA). Data were inspected for outliers (values over three SD
of the mean) which were substituted for values of the mean
plus three SD (following Friedman et al., 2016; Miyake
et al., 2000). To confirm that the inhibition and switching
tasks actually displayed executive costs, that is, the last block
had higher executive requirements, we used SPSS within-
participant General Linear Models (GLM) with the factor
Block. The level of significance was 5%.

Inferential analysis was carried out in three general
steps. First, we determined how the scores in the tasks
were interrelated considering the whole tested sample.
To do this, we based the analyses not on the raw scores
of the EF tasks but on the latent factor scores, which rep-
resent the common variance in scores obtained using dif-
ferent tasks which are regarded as purer EF measures. To
find the best pattern of interrelations among the possible
latent factors obtained from the collected data we sought
to confirm (confirmatory factor analyses) the adequacy
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of seven different combinations of latent factors (models)
that have been proposed in the literature. For example,
there could be a single latent factor underlying perfor-
mance in the scores for all the tasks, as found in children,
or there could be three latent factors, each of which rep-
resenting the common variance in performance in both
tasks that measured each tested EF domain, as has been
found in adults. To determine which of these 7 models
(measurement model) best fitted (explained) the data we
inspected their fit indices. The second step was to inves-
tigate whether the psychometric properties of the best
fitting model was the same, even if the participants were
of different ages and/or from different socioeconomic
backgrounds (i.e., there was measurement equivalence,
or measurement invariance of the model across these
variables). Upon ascertaining the invariance across these
variables, we proceeded to the third step, namely verify-
ing to what extent the EF latent traits of the best fitting of
the seven tested models varied across age and SES. Find
below a detailed description of the analyses.

Measurement model

CFA using Mplus version 8.6 (Muthén & Muthen, 2017)
was used to test various competing models that have been
found to explain EFs in adolescents in the literature (see
below). The latent factors were initially determined by per-
formance in two tasks for each domain, following Zanini
et al. (2021). As proposed by Miyake et al. (2000) (see also
Engelhardt et al., 2015; Hartung et al., 2020; Zanini et al.,
2021), in all factor analyses we used absolute executive cost
measures for the inhibition (Victoria Stroop and Happy-Sad
Stroop) and switching tasks (Color-Shape and Category
Switch tasks), but for updating, only total scores were used
(Number Memory and 2-Back tasks).

We tested seven model specifications under the maxi-
mum likelihood (ML) estimator. Six of these models
were chosen from among those that were most explored
in the literature according to the review by Karr et al.
(2018): (a) a unidimensional model (all measures load-
ing on a single factor); (b) two-factor models (1. updating
and inhibition merged with switching; 2. inhibition and
updating merged with switching; 3. switching and updat-
ing merged with inhibition); (c) a three-correlated factor
model; (d) the ‘nested’ model, which is a bifactor model
that includes a common factor among all variables and
the two extra factors formed by the updating and switch-
ing indicators with no covariation with each other. We
did not test the classic bifactor model explored by Karr
et al. (2018) that includes all three factors of EFs plus a
common factor because it was not accepted in any of the
publications reviewed by these authors. The seventh model
was a bifactor-(S-1) model (Eid et al., 2017), a new model
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specification that had not been previously explored in the
literature in respect of the unity and diversity EF frame-
work. This model was equivalent to the ‘nested’ model
except that it included the covariation between the updat-
ing and switching factors. This bifactor-(S-1) model was
included because Eid et al. (2017) showed that not adding
covariance between the specific factors leads to anomalies
in the patterns of factors loadings (Eid et al., 2017), which
may alter the interpretability of the model. Furthermore,
assuming that there is no interrelation between switching
and updating factors seems to be too strong an assump-
tion, especially as these domains do correlate in the three-
correlated factor model.

To assess the quality of the models, we used the following
fit indices according to the recommendations of Schermel-
leh-Engel et al. (2003) and Schreiber et al. (2006), namely
the chi-square (x2) test (p>0.01), root mean square error
of approximation (RMSEA <0.08), with a correspond-
ing p-value > 0.05, standardized root mean-square residual
(SRMR <£0.10), the Tucker-Lewis Index (TLI>0.95) and the
comparative fit index (CFI>0.95). To compare fit of different
models we used the chi-square difference test when models
were nested, with non-significant result p value indicating
no significant increase in misfit from one model to another.
When a model presented poor fit, modification indices (MIs)
were inspected. MIs indicate parameters that can be added
to be estimated to improve model fit. MIs were applied here
when their values were higher than four and they were theo-
retically justifiable in terms of EF (Brown, 2014).

We also tested the seven abovementioned model speci-
fications adding a third indicator in the inhibition latent
factor. This was done because the authors of the FREE
test battery acknowledge a possible limitation regarding
the inclusion of the Victoria Stroop task, which relies on
reading skills that may not be fully developed in young
samples and can be impaired in people with inadequate
schooling. Controlling for reading skill when using the
Victoria Stroop may not be important in adult samples
from developing nations, but must be considered at ages
when this ability is still improving and/or for samples that
may have low quality education, such as ours. Adolescents
with reading difficulties (possibly associated with worse
schooling and/or low SES) would potentially find it easier
to name the color of the ink in which color names were
written (block 3) and therefore present lower inhibition
costs, which would not actually reflect better executive
functioning, biasing our findings. This new variable (here
called non-incongruent cost) was the RCS of the Victo-
ria Stroop task in which the stimuli were non-color word
names printed in different colors (here called Block 2)
minus the RCS of the control block (Block 1), in which
colors of rectangles were named. By including a correla-
tion a priori, between residuals of both these Victoria
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Stroop metrics (RCS in block 2 minus block 1 and RCS in
block 3 minus block 1), we hoped to correct for any indi-
vidual differences in reading abilities in the usual Stroop
metric that is included in these models (performance in
conditions in which color names and ink color are incon-
gruous: block 3 minus block 1).

Measurement invariance testing

Invariance of the best-fitting measurement model of EFs
(i.e., three-correlated factors) across age and SES (level
of parental schooling) was investigated using “multiple
indicators, multiple causes” (MIMIC; Brown, 2015).
Models were estimated using the maximum likelihood
estimator (Muthén & Muthen, 2017). In the MIMIC anal-
yses, both the latent factors and indicators of the CFA
solution are regressed onto continuous and categorical
covariates [i.e., age (in months) and SES (level of paren-
tal schooling ranging from 1 =under diploma to 5 = post-
graduation)]. A significant direct effect of covariates on
a latent factor is evidence of population heterogeneity
(i.e., the factor means are different at different levels of
the covariates) and a significant direct effect of covari-
ates on an indicator depicts measurement non-invariance
(i.e., means of indicators are different at different levels
of the covariates [differential item functioning (DIF)]).
In other words, MIMIC modeling tests the invariance
of factor means (population heterogeneity) and indicator
intercepts (measurement invariance). All direct effects
of the covariate on the EF measures (i.e., indicators) are
fixed to zero in an exploratory fashion to investigate if
salient direct effects may be present in data by inspect-
ing MIs. Also, the residual variances of latent factors
(inhibition, updating, and switching) are specified to be
correlated as they are not completely orthogonal and this
overlap cannot be fully accounted for by covariates (age
and SES). MIMIC modeling has the advantages of having
a smaller sample size requirements than multiple-group
CFA, the availability of invariance testing for continu-
ous covariates without having to use arbitrary cutoffs
values and greater parsimony (i.e., fewer freely estimated
parameters). Model fit and MIs were assessed following
the same recommendations described above for the meas-
urement model. MIs in the Mplus output were inspected
for any direct effect that should be freely estimated in
the model, which would mean that the indicator showed
DIF (indicated by MIs higher than four for an indicator
on the covariate; Brown, 2014). Evidence of measure-
ment invariance was found when the inspection of MIs
revealed no DIFs, which means that response probabili-
ties to the items do not differ across the values of the
covariate (with equivalent value of the factor trait).

Results

The databank is available at https://doi.org/10.17605/
OSF.IO/D4Y36. Participants’ ages ranged from 9 to 15
years and parental/guardian schooling from levels 1 to 5.
Demographics, raw scores and RCS per task are shown
in Table 2. The following number of outliers were found
per variable: one in the Victoria Stroop task (incongruous
inhibition cost), three in the Happy-Sad Stroop task, two
in the 2-back, four in the number memory task, three for
category switch and five in the color-shape task. These
values were substituted for the mean + 3 SD.

A GLM was conducted to ensure that the inhibition and
switching tasks presented executive cost. Models included
the factor block [two levels: executive blocks versus con-
trol blocks (sum of RCS of blocks 1 and 2 in the case of
the shifting tasks). The exception was the Victoria Stroop,
for which we ran two models - block 1 versus block 2
(non-incongruous) and block 1 versus block 3 (incon-
gruous)]. The results of the GLM confirmed the higher
executive requirement of the executive blocks in all mod-
els, with large effect sizes: switching domain [Category
switch: F(; 406)=2783.50, p <0.001, pn? = 0.87; Color-
Shape: F(j 406)=4311.16, p <0.001, pn? = 0.91] and
inhibition domain [Happy-Sad Stroop: F; 5;,)=1912.44,
p<0.001, pn? = 0.82; Victoria Stroop non-incongruous:
F(1.406)=600.31, p <0.001, pn? = 0.60; Victoria Stroop
incongruous: F; 406 =2439.21, p<0.001, pn* = 0.86].
Note that the presence of words in the Victoria Stroop task
made it harder to name colors, both when the words were
color names incongruous with the color they were printed
in and when the words were not color names.

Measurement model

We tested the seven different CFA models specifications
(see Table 3) with two indicators per factor, as proposed by
Zanini et al. (2021), and also with an added indicator only
in the inhibition domain: non-incongruous inhibition cost
in the Victoria Stroop (block 2 minus block 1). We included
a covariation a priori between residuals of the two meas-
ures of the Victoria Stroop because both are from the same
task and are influenced by reading abilities. The syntax for
all tested models can be found in the Supplementary File.

We chose to focus on the models with three inhibition
indicators despite the fact that the non-incongruous meas-
ure of the Victoria Stroop did not significantly load onto
the inhibition factor in any of the models that converged.
This is because, for these solutions, model fits were better
compared to models with only two inhibition indicators
(for all models except for the three-factor solution) and
because, without the non-incongruous Victoria Stroop
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Table 2 Demographics and descriptive statistics of raw score and Rate Correct Scores (RCS: accuracy divided by the total time in seconds) in
all blocks per tasks and absolute executive costs (RCS of executive blocks minus RCS of control blocks) according to each executive domain

Variables Raw scores RCS
Mean (+SD)  Speed (s) Accuracy (no) Mean (+SD)
[mean+(SD)]  [mean+(SD)]
Demographics (N=407, 170 girls)
Age (months) 144.55 (20.42)
Mean parental schooling (level) 3.31 (1.20)
Inhibition tasks
Victoria Stroop — Block 1 (control: name color patches) 15.00 (3.77) 23.97 (0.22) 1.68 (0.35)
Victoria Stroop — Block 2 (executive: name ink of non-color words) 18.84 (5.09) 23.97 (0.19) 1.36 (0.34)
Victoria Stroop — non-incongruous inhibition cost (block 2 minus block 1) e 0.32 (0.26)
Victoria Stroop — Block 3 (executive: name ink of color words) 27.21 (7.94) 23.71 (0.72) 0.94 (0.26)
Victoria Stroop — incongruous inhibition cost (block 3 minus block 1) —_— —_— 0.74 (0.30)
Stroop Happy-Sad — Block 1 (control: name emotion) 11.52 (2.37) 19.98 (0.29) 1.37 (0.30)
Stroop Happy-Sad — Block 2 (executive: name opposite emotion) 21.53(5.95) 19.49 (1.02) 0.97 (0.26)
Stroop Happy-Sad — Inhibition cost (block 2 minus block1) e — 0.40 (0.24)
Switching tasks
Color-Shape — Block 1 (control: classify by shape) 18.24 (4.29) 19.95 (0.34) 1.14 (0.26)
Color-Shape — Block 2 (control: classify by color) 17.14 (3.74) 19.96 (0.26) 1.22 (0.27
Color-Shape — Sum of control blocks e 1.18 (0.24)
Color-Shape — Block 3 (executive: switch classification) 69.04 (15.62)  39.84 (0.71) 0.60 (0.12)
Color-Shape — Switching cost (sum of block 1 and 2 minus Block 3) e 0.57 (0.18)
Category Switch — Block 1 (control: classify as living/non-living) 19.47 (4.47) 19.97 (0.20) 1.08 (0.25)
Category Switch — Block 2 (control: classify as big/small) 22.92 (4.45) 19.80 (0.56) 0.91 (0.22)
Category Switch — Sum of control blocks e — 0.98 (0.22)
Category Switch — Block 3 (executive: switch classification) 78.82 (24.10)  39.80 (0.61) 0.55 (0.16)
Category Switch — Switching cost sum of block 1 and 2 minus Block 3) e e 0.43 (0.17)
Updating tasks
Number Memory — (total correct score) * 113.54 (36.82) 21.78 (2.27) 0.21 (0.07)
2-Back — (total correct minus false alarms) * 95.60 (29.63)  62.49 (4.39) 0.67 (0.21)

For number of trials per task, see Table 1. *Absolute costs in the updating tasks were not obtained, following the literature. Rate Correct Scores
(RCS) of the inhibition and switching tasks are reversed scored so higher values represent better performance (see text)

indicator, some expected correlations between factors were
not significant (i.e., between updating and inhibition in the
three-factor solution). It therefore seemed that controlling
for reading skills in the Victoria Stroop task was important
to show the unity and diversity of EF.

Table 3 contains the fit indices for all the tested mod-
els that reached convergence. We found that the models
with one and two factors did not present adequate model
fit indices, even when considering theoretically accept-
able MlIs, except for the two-factor solution with merged
inhibition and switching domains. The three-correlated
factors model also showed a good fit. The CFA nested and
bifactor-(S-1) models only converged if manipulations of
the variances and indicators were included and, even then,
both models presented non-positive residual covariance
matrices, so were deemed inadequate (see Supplementary
File for details). Figure 2 shows model configurations,
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standardized factor loadings, and fit indices for the two
adequately fitting models (two-correlated factors with
merged inhibition and switching and the three-correlated
factors). See Supplementary Files for the diagrams of the
remaining five tested models.

The two models with good fit (see Fig. 2) were compared
using a chi-square difference test that showed no signifi-
cant increase in misfit between the models (y(2)* = 3.84,
p=0.15).

The two-factor solution with merged inhibition and
switching had significant correlations between factors
(r=0.75), which was also found for the three-factor solu-
tion (ranging from r=0.38 to r=0.78). Significant factor
loadings on individual indicators for this two-factor solu-
tion were A=0.68 to A=0.75 for updating and A=0.20 to
A=0.78 for the merged inhibition-switching factor. For the
three-factor model, factor loadings of the inhibition domain
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Table 3 Model fit for the 7 tested confirmatory factor analyses models

Model x2 (df) CFI TLI RMSEA 90% C.1. SRMR
One factor 48.55 (13)* 0.95 0.91 0.082 [0.058, 0.107] 0.056
Two factors (updating merged with switching) 46.70 (12)* 0.95 0.91 0.084 [0.060, 0.110] 0.054
Two factors (updating merged with inhibition) 39.02 (12)* 0.96 0.93 0.074 [0.049, 0.101] 0.055
Two factors (inhibition merged with switching) 29.05 (12)* 0.97 0.95 0.059 [0.032, 0.087] 0.047
Three factors 25.02 (10)* 0.98 0.95 0.061 [0.031, 0.091] 0.041

Nested
Bifactor-(S-1)

No convergence

Residual matrix non positive

Models in bold presented equally good fit. x2: chi-square (p>0.01), RSMEA: Root Mean Square Error of Approximation (<0.08), SRMR:
Standardized Root Mean-square Residual (<0.10), TLI: Tucker-Lewis index (>0.95), CFI: Comparative Fit Index (>0.95). *p <0.05
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Fig.2 Diagrams of the two best solutions among the 7 tested Confirm-
atory Factor Analyses models. Diagrams include factor loadings (val-
ues on the linear arrows) of executive measures (squares) on the execu-
tive latent variables (ovals). Note: Standard errors of residuals for each
task are represented by the numbers at the end of the arrows pointing
towards each square. Double-headed arrows represent correlations of
residual variances between the latent variables. Grey arrows represent
non-significant paths (p>0.05). Fit indices of each psychometrically
adequate model are presented below each diagram. Acceptable fits for

were low (A=0.31 to A=0.36) and moderate to high for
switching (A=0.50 to A=0.75) and updating (A=0.68 to
A=0.75). In both cases, the third added indicator in the inhi-
bition latent factor was the only one to have non-significant
factor loadings.

Despite having two good and equivalent model solu-
tions, we selected the three-correlated factors model as our

B
Stroop
Victoria [¢—y .87 (.07)
/}uwusnuuua \
.36 (.10) Stroop 74 (.03)
1.00 (.00) 09) Vigtot;ria le——¥.99 (.02)
incongruous|
.31 (.08)

Stroop
Happy Sad[*t— .90 (05)
cost

N

38 (.15)
2Back (e— .43 (.07)
4
77(17) 1.00 (.00)Y Updating }— "~ )|
68 (:04) ~,| Number
Memory le— .54 (.06)
.78 (.06)
Color
Shape (¢— .43 (.08)
75 ( 05) cost
1.00 (.00) 0005, .
5 5 ategory
T Switch [+— 75 (.05)

cost

2210y = 25.02, p = 0.005
CFI=0.98, TLI=0.95, RMSEA = 0.061, SRMR = 0.040

each index are: x2: chi-square test (p>0.01), RSMEA: Root Mean
Square Error of Approximation (<0.08), SRMR: Standardized Root
Mean-square Residual (<0.10), TLI: Tucker-Lewis index (>0.95),
CFIL: Comparative Fit Index (>0.95). Rate Correct Score costs of the
inhibition and switching tasks are reversed scored so that higher values
for all indicators represent better performance (see text). See the Sup-
plementary File for the syntax and diagrams of other tested models.

measurement model and used it to test measurement invari-
ance. We did this because the latter shows that the three
EF domains of the unity and diversity EF framework can
already be dissociated at the tested age, which corresponds
to the model solution that is found later in life, in young
adults (e.g., Miyake et al., 2000). Therefore, we considered
it the model of greater interest.
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Measurement invariance testing

The analysis of invariance, based on the three-correlated fac-
tor model, using the MIMIC model, converged when includ-
ing age (in months) and mean parental level of schooling
(SES) as covariates concomitantly, but presented a non-posi-
tive covariance matrix when direct paths from the covariates
to the indicators were all constrained to 0. Inspection of MIs
indicated DIF for the Victoria Stroop non-incongruous inhi-
bition cost on age (MI > 4). The model freeing this path to be
estimated converged, and it had acceptable fit ( )(2(13) =44.06,
p=0.001, CFI=0.97, TLI=0.94, and RMSEA =0.06) (see
Fig. 3). Inspection of MIs still showed DIF for both the
Victoria Stroop cost measures for SES. As the MI value
was higher for the non-incongruous inhibition cost of the
Victoria Stroop task, we decided to free this path first. The
model showed an acceptable fit ()(2(17)= 35.75, p=0.005,
CFI=0.98, TLI=0.95 and RMSEA =0.052). Inspection of
the MIs suggested no more DIFs. At the level of the indica-
tors, the model thus presented partial invariance, with only
one non-invariant indicator.

Regarding population heterogeneity, older age predicted
improvement in latent EF scores: lower costs in the inhibi-
tion (=0.36, p=0.001) and switching ($=0.44, p <0.001),
as well as better updating (f=0.56, p <0.001). Having par-
ents who had completed higher levels of schooling also

36 (11)
1.00(.00) | Age G e T = T
56 (.05) 0
44.(.06) \ e
62(.18)
-10(.03)
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positively and significantly predicted improved switching
(B=0.16, p=0.006) and updating (p=0.16, p=0.003), but
the effects were minimal and did not affect the inhibition
latent trait (3=0.026, p=0.80). Based on Cohen’s d, all the
effects of the covariates on the EF factors are small, except
for the effect of age on updating, which was a medium effect
(Cohen’s d=0.56). In this model, however, the correlation
between the residual variances of inhibition and updating
was no longer significant (although this type of change is not
usually addressed in the literature, we have included a brief
discussion about this in the Supplementary file).

Discussion

In this study, we tested which among a number of factor struc-
tures best reflected executive functioning in the first half of
adolescence, and also the effects of age and SES using a cultur-
ally adaptable test battery based on the EF unity and diversity
framework of Miyake et al. (2000) that proposes the existence
of three separable EF (inhibition, updating and shifting). We
had four main findings. First, the three-correlated factor struc-
ture had adequate psychometric properties and best explained
our data considering that it conformed with most prior studies.
This is important because we were able to show that from the
first half of adolescence it is already possible to differentiate
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Fig. 3 Multiple indicators, multiple causes (MIMIC) model show-
ing the effect of the continuous covariates (age in months and mean
level of guardian schooling as a proxy for socioeconomic status -
SES) on the three latent factors (ovals) of the three-correlated fac-
tor solution. The diagram also displays factor loadings (values on
the linear arrows) of executive tasks (squares) on the executive
latent variables. Note: Standard errors of residuals for each task
are represented by the numbers at the end of the arrows pointing to
each square. Double-headed arrows represent correlations between
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residuals of variances of the latent variables. Grey arrows represent
non-significant estimates (p>0.05). Dashed arrows represent the
significant direct paths (effects) of the covariates on the indicator
with differential item functioning (non-invariant indicator: only for
the non-incongruous inhibition cost of the Victoria Stroop test). Fit
indices found for the model is at the bottom of the diagram (for
symbols, see Fig. 2). Rate Correct Score costs of the inhibition and
switching tasks are reversed scored so higher values for all indica-
tors represent better performance (see text)
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(diversity) the three tested EF latent domains (inhibition, updat-
ing and switching) that are also interrelated (unity), as it was
unclear from which phase in adolescence this fractionation
emerged. Second, these findings are in agreement with results
obtained in samples that included adolescents with different age
ranges and were from other countries/cultural contexts (China:
Duan et al., 2010; Xu et al., 2013; Hong Kong: Wu et al., 2011;
Brazil: Zanini et al., 2021), which speaks to the cross-cultural
generality of the development of these abilities in adolescence.
Third, we provided evidence of invariance of the tested tasks
in terms of age and SES, which allowed us to ascertain that
the constructs being measured (three latent executive domains)
were the same irrespective of the participants’ age or their par-
ents’ schooling, which is a novel finding in the literature. Lastly,
this evidence of invariance allowed us to show that the three EF
domains are differentiable right from the onset of adolescence,
although they continue to improve with age, and also that being
from a more privileged family had only a minor impact on these
executive latent traits when tasks are designed to minimize
these effects. A detailed account of the results is given below.

Factor structure that best represents data in the first
half of adolescence

We found that EF abilities in the three tested domains become
psychometrically differentiable during the first half of ado-
lescence, which was confirmed by the good model fit for the
three-correlated factor solution. This corroborates data from the
few other studies on adolescent participants from other coun-
tries that used tasks that represent the framework of interest
and tested only these three domains, although the age ranges
in these studies were different from ours and included older
adolescents (Duan et al., 2010; Wu et al., 2011; Xu et al., 2013;
Zanini et al., 2021), and also studies in adults (see Karr et al.,
2018). Other studies with adolescent samples from the United
States that used comparable tasks, but also included other
EF domains (e.g., working memory), also found these three
domains to be interrelated and separable (Engelhardt et al.,
2015; Hartung et al., 2020). Two-factor domain combinations
(inhibition combined with updating and updating with switch-
ing), the unidimensional model, and the nested solution did not
present adequate adherence to data, nor did the bifactor-(S-1)
configuration. The latter was tested here for the first time in the
literature, which corresponds to the nested factor with an added
correlation between specific factors in order to circumvent psy-
chometric distortions of the nested model (Eid et al., 2017).
However, we also found a good fit for the two-factor
model in which inhibition and switching were merged,
which indicates that these two factors are highly correlated
in the tested age range (r=0.75), possibly because switching
develops later than the other domains (Karr et al., 2018).
Whether this particular two-factor model fits adult data well
is unclear because most studies with older populations do

not describe the adequacy of various alternative models. In
order to provide evidence on this, a comprehensive study by
Karr et al. (2018) undertook a bootstrap reanalysis of pub-
lished data to test many possible alternative factor structures
and their adequacy at different ages. The authors reported
that for adults both the three-factor and ‘nested’ factor mod-
els have better fits (with the proviso that the latter has psy-
chometric inadequacies: Eid et al., 2017), whilst in children/
adolescents, models with less factors tend to be more accept-
able. However, Karr et al. (2018) analyzed data of children
together with adolescents. Hence, the results of their boot-
strap reanalysis are not comparable with ours because at
some stage within this age-range individuals transition to
displaying adult-like differentiable EF domains. The data
from our study and from other studies (Duan et al., 2010;
Engelhardt et al., 2015; Hartung et al., 2020; Xu et al., 2013;
Zanini et al., 2021) suggest that this takes place in the first
half of adolescence. Another issue that was not taken into
account by Karr et al. (2018) is whether tasks in the reana-
lyzed studies were representative of the domains proposed
in the unity and diversity model of interest here (see Morra
et al., 2018), so their findings in respect of the most reliable
factor structures may not be generalizable when it comes to
testing this framework as it was originally conceptualized
(see Supplementary File for alternative models with tasks
that represent other EF domains in the age range tested here).

Invariance testing and effects of age

The three-correlated factor model was invariant across age in
6 of 7 scores/measures. Non-invariance was found only for
the non-incongruous inhibition cost of the Victoria Stroop
task score. This indicator was expected to vary as it depends
on reading skills (Rasinski et al., 2009), which improve as
adolescents become older (particularly in populations with
low quality schooling such as part of our sample: Bucking-
ham et al., 2013). This was corroborated by the negative
direct effect of age on the non-incongruent measure. Hence,
it can be said that the approximate invariant three-correlated
model found here demonstrates that the improvement with
age seen in all explored domains of EFs can be attributed to
increases in EF latent traits and not to other cognitive abili-
ties that are recruited to carry out the tasks (residuals). This
improvement was highest in updating, followed by switching
and lowest in inhibition. We stress, however, that the effects
sizes of improvement were small or barely medium at the
latent level, confirming results from other studies that also
showed invariance across age in samples of similar age using
scores similar to ours (efficiency scores, or accuracy divided
by reaction time to correct trials), but that only tested invari-
ance regarding a general EF latent trait based on tasks that
mainly measured other EF domains than those assessed here
(Xu et al., 2020).
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It is possible that larger age-related effects would have been
found had we analyzed raw scores at the level of individual
tasks instead of latent scores. This is because raw scores
reflect the use of EF together with task-specific lower-order
non-executive cognitive abilities that are recruited when peo-
ple carry out EF tasks, all of which continue to mature across
adolescence. This can be supported by the higher improve-
ment with age observed for the updating factor. This may have
occurred because the scores used for tasks that tap updating
do not include a control for speed of processing, which likely
improves as adolescents age, while this is controlled for in the
case of the shifting and inhibition measures (executive costs
relative to control tasks) (Zanini et al., 2021). These results
showing improvement of EFs with age add to the literature as
this effect is not consistently found in adolescent samples from
developing countries (see Schirmbeck et al., 2020), especially
as prior studies that tested the unity and diversity framework
with adequate tasks usually overlooked measurement invari-
ance, which is mandatory to allow comparisons of EF perfor-
mance between ages (Meredith, 1993).

Indeed, to our knowledge, no study to date has explored
invariance across age as a continuous variable of the three-
correlated factor solution in adolescents, or alternative
configurations with tasks that represent the EF unity and
diversity framework (see Supplementary File for studies on
invariance in adolescents considering other EF domains).
Some studies that did explore invariance across age found
partial invariance (Engelhardt et al., 2015; Latzman &
Markon, 2010; McAuley & White, 2011), but they are
not directly comparable to ours, either because they used
tasks that measure other types of EF that are not inhibition,
switching and updating, or because their factor structures
were different from ours. Additionally, these studies con-
sidered age as a categorial factor, with arbitrary cutoffs that
vary from study to study, which is of little use to track devel-
opmental changes in EF, and is not recommended because
linear relations can fail to be detected when doing so (Mac-
Callum et al., 2002). Full invariance across age as a continu-
ous variable was only found in one study, but in a unidimen-
sional model (a model with a single general EF latent factor)
(Xu et al., 2020), which does not provide information on the
development of the diversity of EF.

Invariance testing and effects of socioeconomic
status

Apart from the age-related developmental improvement in EF,
another covariate that impacts these abilities is SES (Montroy
et al., 2019), which varies widely in non-developed countries
such as Iran, where the study took place. Ideally, these effects
should be assessed using tasks that are designed to reduce
possible performance advantages of having a better SES
or having had better schooling but that do not relate to EF
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themselves (e.g., having a larger vocabulary, which can help
improve performance in EF tasks). This was controlled for in
our choice of test battery (FREE). In this respect, we found
invariance across SES for all measures except for the same
one that was not invariant to age that depends on reading skills
(non-incongruous inhibition cost score of the Victoria Stroop
task), which was expected to be lower in participants with par-
ents who have lower schooling and/or SES (Thomson, 2018).

Testing for invariance across SES in models that show
unity and diversity of the tested EF domains had not been
undertaken before, so this was a novel result (see Supplemen-
tary File for studies that investigated invariance of models
that explored other EF domains). Based on our data, it can
be concluded that SES has a slight positive effect on the EF
latent traits of updating and switching; however, it was about
three times smaller than the effect of age. This corroborates
findings in the literature showing that the effects of SES are
mostly small on EFs, even when raw scores are considered
instead of latent scores (Lawson et al., 2018). Differently, the
inhibition factor was not affected by SES once reading skills
were controlled for in the model, corroborating some find-
ings in the literature in respect of raw scores on inhibition
measures which showed no effect of SES on the Stroop Color
Word test in a sample of 6 to 25-year-olds (Last et al., 2018).
It should be noted, however, that only our study ascertained
invariance of the model for SES (that is, ensured the EF con-
struct being measured did not change according to SES) to
explore these effects on the three separable latent EF domains.
This suggests that SES effects can be minimal if tasks are built
to minimize the contribution of other lower order cognitive
abilities that contribute to performance in EF tasks but are not
EF themselves. Exactly how SES can elicit these small effects
is unclear, but this may stem from its negative impact on brain
development/physiology (e.g., Foulkes & Blakemore, 2018)
associated with systems involved in EF.

Limitations

The current study has some limitations that should be noted:
(1) - because EFs develop during adolescence, a phase of life
marked by accelerated brain changes in areas that support
self-regulation (Foulkes & Blakemore, 2018; Goddings et al.,
2019), a longitudinal study might have better captured devel-
opmental changes in these abilities. However, EF tasks have
low test-retest reliability, which would be an advantage (Hedge
et al., 2018) of conducting cross-sectional studies such as ours.
(2) - because varying SES is a characteristic of samples from
non-developed countries, a composite measure of SES that
included variables other than parental schooling, such as fam-
ily purchasing power, income and parental occupation, would
have been ideal. The measure of parental schooling, however,
is extensively used (Foulkes & Blakemore, 2018; Last et al.,
2018; Montroy et al., 2019) and has been shown to correlate
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with EF abilities (e.g., Last et al., 2018; Montroy et al., 2019).
Therefore, we assumed that our measure was a fair representa-
tion of what we could find with a composite measure of SES.
(3) - the use of only two tasks per domain in our study, which is
common practice in underaged samples (see Karr et al., 2018),
could be regarded as a limitation, because more indicators are
often needed to reach acceptable model fit (Karr et al., 2018).
However, with only two tasks per domain we were able to dif-
ferentiate all types of EF in a good fitting model, suggesting that
the use of appropriate tasks, rather than the number of tasks,
might be more important to show the diversity of EF. Nonethe-
less, including more indicators per domain is advisable and
might have resolved the convergence problems of the nested
and bifactor-(S-1) models. Additionally, this could have allowed
us to circumvent the limitation of using the Victoria Stroop task
that relies on reading skills, which can be criticized when test-
ing disadvantaged populations (see Zanini et al., 2021) and was
indeed found here to be non-invariant to age and SES. (4) - the
FREE does not include tasks that control for psychomotor speed
in the updating measures as it does for the other EF domains.
Although this is in line with the great majority of studies in the
literature (see Karr et al., 2018), it could well be that accounting
for this might have led to different model configurations. (5)
there was no validation procedure for the translation of the tasks
despite extensive testing in pilot studies. The battery, however,
is almost language free, as the only task that includes words
(four color names) is the Victoria Stroop task. Additionally, this
does not seem to have negatively impacted the results because
we were able to psychometrically replicate a previous study
using the same battery of tasks in Portuguese-speaking adoles-
cents (Zanini et al., 2021) and also the seminal model that the
present study was based on, which involved American adults
(Miyake et al., 2000). (6) - we did not control for intelligence
(e.g., unlike Wu et al., 2011), because many intelligence meas-
ures correlate differently with inhibition, shifting and updating
(see Friedman et al., 2006), so this control would probably have
distorted the results. (7) - measurement invariance in the tested
framework for pubertal status and sex were not tested as there is
no data in the former case, or consistent indication, in the latter
(e.g., Xu et al., 2013) that these variables affect EF. (8) - we
only explored the unity and diversity framework as reflexive
and not as formative models, which Willoughby et al. (2014)
suggest may be a better alternative.

Conclusions and implications

In conclusion, we showed that inhibition, shifting and updating
can already be differentiated at the onset of adolescence when
EF tasks are based on the well-established EF unity and diver-
sity theoretical framework, corroborating studies in samples of
adolescents of other age ranges and adults from various differ-
ent countries. We also showed that this fractionation of EFs
was mostly invariant across age and parental schooling (SES),

that performance at the latent level improved with age and
was only very slightly positively associated with SES (except
for having no effect on inhibition). Importantly, these results
were found in a relatively diverse sample compared with those
investigated in most cognitive studies (Henrich et al., 2010)
as the participants were Persian-speaking adolescents from a
widely different socio-cultural context that includes high vari-
ability in terms of SES and educational levels. The results of
the present study, therefore, not only provide information on an
under-represented population in the literature, but also speak to
the cross-cultural generality of the development of EFs. Future
cross-country studies that aim to confirm the universality of
these findings may therefore consider using the FREE test
battery as it exhibited adequate psychometric properties and
its tasks were easily adaptable to the Iranian setting. Future
studies would also benefit from the inclusion of more tasks to
explore the development of other types of EF in the first half of
adolescence (e.g., planning, dual tasking, access to long term
memory, and reasoning).
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