€Y Routledge

g Taylor &Francis Group

The Clinical Neuropsychologist

R e

ISSN: 1385-4046 (Print) 1744-4144 (Online) Journal homepage: http://www.tandfonline.com/loi/ntcn20

Changing relations among cognitive abilities
across development: implications for
measurement and research

Jala Rizeq, David B. Flora & Maggie E. Toplak

To cite this article: Jala Rizeq, David B. Flora & Maggie E. Toplak (2017): Changing relations
among cognitive abilities across development: implications for measurement and research, The
Clinical Neuropsychologist, DOI: 10.1080/13854046.2017.1317034

To link to this article: http://dx.doi.org/10.1080/13854046.2017.1317034

% Published online: 11 Apr 2017.

\]
CJ/ Submit your article to this journal &

A
& View related articles &'

@ View Crossmark data (&

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=ntcn20

(Download by: [York University Libraries] Date: 11 April 2017, At: 05:46 )



http://www.tandfonline.com/action/journalInformation?journalCode=ntcn20
http://www.tandfonline.com/loi/ntcn20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/13854046.2017.1317034
http://dx.doi.org/10.1080/13854046.2017.1317034
http://www.tandfonline.com/action/authorSubmission?journalCode=ntcn20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=ntcn20&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/13854046.2017.1317034
http://www.tandfonline.com/doi/mlt/10.1080/13854046.2017.1317034
http://crossmark.crossref.org/dialog/?doi=10.1080/13854046.2017.1317034&domain=pdf&date_stamp=2017-04-11
http://crossmark.crossref.org/dialog/?doi=10.1080/13854046.2017.1317034&domain=pdf&date_stamp=2017-04-11

=

=]
THE CLINICAL NEUROPSYCHOLOGIST, 2017 g Routledge
http://dx.doi.org/10.1080/13854046.2017.1317034 & W Taylor &Francis Group

'.) Check for updates

Changing relations among cognitive abilities across
development: implications for measurement and research

Jala Rizeq, David B. Flora and Maggie E. Toplak

Psychology Department, York University, Toronto, Canada

ABSTRACT ARTICLE HISTORY
Objective: The constructs of intelligence and executive function Received 8 November 2016
(EF) are commonly used in neuropsychological, cognitive, and Accepted 1 April 2017
developmental research, and in the context of clinical assessment.
L ) . KEYWORDS
Yet, we have a limited understanding of the changing age-related Intelligence; intellectual
associations among these cognitive constructs and the implications abilities; executive function;
for measurement and research. The objectives of this study were to general cognitive ability;
compare hypothetical models using intellectual abilities (non-age development; measurement
corrected scores of intelligence or IQ) and experimental measures
of EF and to better understand the role of age in determining the
associations between these cognitive abilities at two different periods
of development. We also incorporated prediction of ADHD-related
difficulties. Method: We examined intellectual abilities and EF in a
typically developing child sample (N = 250) and young-adult sample
(N=329). We used confirmatory factor analysis to estimate models for
each developmental period: a one-factor model of general cognitive
ability and a two-factor model of intelligence and EF. ADHD-related
difficulties were regressed on the factors from each model. Results:
Age was more strongly related to all cognitive abilities in the child
sample than in the young-adult sample. In the factor analytic models,
higher amounts of cognitive test score variance were explained by
both models in the child sample than in the young-adult sample.
Further, in the child sample, the general cognitive ability factor
(combining intellectual abilities and EF) was a significant predictor
of ADHD-related difficulties, but the separate intellectual ability and
EF factors were not. Conclusions: Variables highly associated with
age (such as intellectual ability and EF) should not be statistically
controlled when assessing cognitive constructs especially in child
samples when there is rapid change in cognitive abilities.

Individual differences in general intelligence are hypothesized to be driven by differences
in executive function (EF) mechanisms (Benedek, Jauk, Sommer, Arendasy, & Neubauer,
2014; Lezak, 2004), and some research has demonstrated strong associations between these
cognitive abilities (Salthouse & Davis, 2006). Both intelligence and EF are heavily dependent
on age in children and adolescents when non-age corrected scores are used, yet some
research still ignores the shared developmental component of these abilities or treats them
as separate, unrelated cognitive constructs (see Dennis et al., 2009). This study provided an
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investigation age-related associations with performance-based measures, including exper-
imental measures of EF (raw scores) and intellectual abilities (raw scores or non-age corrected
scores of intelligence or Q) in child and young-adult samples. We also examined the asso-
ciations among intellectual abilities, EF, and age, within each of the two samples. Confirmatory
factor analysis (CFA) models were estimated in each of the two samples to better understand
the role of the underlying dimensions driving associations between measures of EF and
intellectual abilities across development. This study also included an analysis to examine
the effects of statistically controlling for intellectual abilities when measuring the effect of
EF on outcomes such as ADHD-related difficulties.

Executive functions, intelligence and intellectual abilities

Interest in intelligence and EF grows from their roles in a number of childhood disorders,
including neurodevelopmental and cognitive-behavioral disorders (Casey, Tottenham, &
Fossella, 2002; Dennis et al., 2009; Pennington & Ozonoff, 1996). Intelligence and EF are also
associated with a number of developmental outcomes, as both predict achievement
(Biederman et al., 2004; Best, Miller, & Naglieri, 2011; Borella, Carretti, & Pelegrina, 2010;
Deary, Strand, Smith, & Fernandes, 2007; Duckworth, Quinn, & Tsukayama, 2012; Protopapas,
Archonti, & Skaloumbakas, 2007; Mayes, Calhoun, Bixler, & Zimmerman, 2009; Watkins, Lei,
& Canivez, 2007), an individual's performance on complex tasks (Miyake et al., 2000) and
later health and success (Moffitt et al., 2011). In this study, we differentiate intelligence or IQ
scores from intellectual abilities. Intelligence or IQ ('Intelligence Quotient’) refer to a ratio
between mental age and chronological age (Anastasi & Urbina, 1997), a score that is derived
by comparing a given individual’s score to same-aged peers in a normative sample (such as
on the WISC-5, a popular measure used to assess intelligence). In this study, we used the
term intellectual abilities to refer to raw score performance on these measures, so that we
could examine the association between cognitive abilities that are not corrected for age at
two different periods of development. We also used experimental measures of EF in the
current study, which are also not age-corrected.

Executive functions

EFs represent a number of top-down neurocognitive processes required for goal-directed
behavior (Benedek et al., 2014; Miller & Cohen, 2001). These processes are important aspects
of cognitive development that predict behavior in everyday life (Best, Miller, & Jones, 2009;
Clark, Prior, & Kinsella, 2002). As these neurocognitive processes develop with age, children
become increasingly competent in approaching problems, planning and organizing thoughts
and behavior, maintaining goals in mind and acting on them, and self-evaluation (Jurado &
Rosselli, 2007; Zelazo, Craik, & Booth, 2004). The dimensional structure of EF processes under-
lying performance on functional tasks has received considerable attention in young adult
and adult samples and more recently in children (Brydges, Fox, Reid, & Anderson, 2014), with
a focus on updating, inhibition, and set shifting (Miyake et al., 2000).

Updating and monitoring of working memory representations, or simply updating, is a
working memory operation that requires replacing old information with new information
relevant to the task at hand (Jewsbury, Bowden, & Strauss, 2016). The hallmark of updating
is the active manipulation, rather than passive storage, of information (Miyake et al., 2000)
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in the multicomponent system of working memory that is needed to hold out-of-sight infor-
mation in mind, manipulate it, and work with it to achieve goals and meet task demands
(Baddeley & Hitch, 1994; Baddeley, 2000; Engle, Tuholski, Laughlin, & Conway, 1999). Inhibition
or inhibitory control refers to the ability to control attention, thought, and behavior in the
presence of interfering internal or external stimuli, to overcome automatic impulses and
respond appropriately so that with increasing inhibitory control, one is able to better restrict
and regulate impulsive behaviors (Diamond, 2013; Miyake et al., 2000). The third core EF
process which partially counts on both controlled attention and updating of working mem-
ory is set shifting, also known as cognitive flexibility, which describes one’s ability to mentally
shift from one task to another, utilizing alternative strategies, and processing more than one
source of information (Zelazo et al., 2004). Set shifting is necessary for multitasking and for
processing and managing several sources of information.

Intelligence and intellectual abilities

Intelligence and intellectual abilities, like EF, involve numerous mental abilities and are
broadly defined through mental abilities which include, but are not limited to, reasoning,
planning, problem-solving, and abstract thinking (Gottfredson, 1997). These same mental
abilities are defined by Spearman’s g (general intelligence; Spearman, 1904) and are abilities
required for successful performance on a variety of cognitive tasks (Duncan et al., 2000),
which are usually assessed by tests like the Wechsler Abbreviated Scale of Intelligence
(Wechsler, 1999). The Cattell-Horn-Carroll (CHC) model provides a common structure for
understanding and studying human cognitive abilities (Carroll, 1993; McGrew, 1997, 2005,
2009; Sternberg & Kaufman, 1998), which acknowledges the presence of a general cognitive
ability (g) as well as more specific cognitive abilities such as fluid general ability (Gf) and
crystallized general ability (Gc). According to Cattell (1963, 1971), Gf represents complex
mental abilities needed for reasoning and abstract thinking and reflects the capacity to apply
one’s skills and knowledge in novel situations and unfamiliar tasks, and is usually measured
by nonverbal tasks, whereas Gc represents the set of skills and knowledge obtained through
educational and general experience and is measured by verbal tasks (McGrew, 2009).

Associations among intellectual abilities and executive function measures

Positive relations among various measures of cognitive abilities have been noted as far back
as Spearman (1904), with numerous examinations of common factors and general cognitive
ability hypothesized to dictate performance on cognitive tasks (Tucker-Drob, 2009). Several
studies have reported strong associations between various EFs and intellectual abilities
across the lifespan, in both child and adult samples (e.g. Arffa, 2007; Brydges, Reid, Fox, &
Anderson, 2012; Salthouse, Atkinson, & Berish, 2003; Salthouse & Davis, 2006). The neuro-
science literature also supports the presence of shared prefrontal circuitry between tasks
involving working memory (including the executive process of updating information), atten-
tion control during interference and intellectual abilities (Kane & Engle, 2002; Nisbett et al.,
2012). In both child and adult samples, strong associations have been reported between
updating and measures of Gf (Belacchi, Carretti, & Cornoldi, 2010; Benedek et al., 2014;
Burgues, da Rosa, Paz, & Fumagalli, 2014; Engle et al., 1999; Salthouse & Pink, 2008; Kane,
Hambrick, & Conway, 2005), and with measures of general intellectual abilities (Dang,
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Braeken, Ferrer, & Liu, 2012; Friedman et al., 2006; Giofre, Mammarella, & Cornoldi, 2013).
The current study focused on the relations among these cognitive abilities at two different
periods of development.

Development of executive functions and intellectual abilities

Although the three main EF processes and Gc and Gf have slightly different developmental
trajectories across childhood and adolescence, the research literature generally supports
age-related improvements in all EFs as well as Gc and Gf during those periods (Anderson, 2002,
2001; Deary, Whalley, Lemmon, Crawford, & Starr, 2000; Korkman, Lahti-Nuuttila, Laasonen,
Kemp, & Holdnack, 2013; Weintraub et al., 2013; Zelazo, 2013; Zelazo et al., 2004; Zelazo &
Muiller, 2002). The sequencing of EF and intellectual abilities development is further dependent
on the integrity of the prefrontal cortex (PFC) of the brain and is aligned with its maturation
(Cunningham & Zelazo, 2007; Miyake & Friedman, 2012). The PFC is a neuroanatomical correlate
of major daily behavioral, emotional, and cognitive expectancies (Miller & Cohen, 2001) and
undergoes major development in adolescence (Gogtay et al., 2004). Thus, performance on EF
and intellectual abilities measures depend on chronological age, especially in younger devel-
oping populations (i.e. early to middle childhood). The development of cognitive abilities is
thought to be a general ability that differentiates with age and experience (Anderson, 2001;
Carlson, Zelazo, & Faja, 2012). This is consistent with the differentiation hypothesis (Garrett,
1946), which suggests that these abilities become more distinguishable and stable with age.

To date, concerns regarding research on intellectual abilities and EF and the relationship
between the two have been mostly carried out with young adult and adult samples. More
work is needed to understand these relationships in children and adolescents (Brydges et
al., 2012), especially because associations between these abilities change considerably within
this developmental period (Brydges et al., 2014; Tideman & Gustafsson, 2004). The purpose
of the current study was to better understand the role of age in determining the associations
between intellectual abilities and EF. Understanding those relations at different periods of
development and demonstrating the implications for subsequent research and analysis
approaches is important for researchers and clinicians alike, particularly when examining
their role in clinical outcomes.

Analysis-related considerations when assessing cognitive abilities: predicting
ADHD-related outcomes

Despite the high associations between EF and intellectual abilities, intelligence scores are
often statistically controlled when researchers test EFs in samples with neurodevelopmental
disorders, a procedure that has been critiqued because it controls for much of the develop-
mental variance that constitutes these abilities (Dennis et al., 2009; Mackenzie & Wonders,
2016). In this study, we demonstrated the effect of statistically controlling intellectual abilities
when measuring the effect of EF on an outcome in typically developing samples. Specifically,
the demonstration examined the separable or common contributions of intellectual abilities
and EF on ADHD-related difficulties, in studying ratings of inattention and hyperactivity/
impulsivity. Both intelligence and EF have been implicated with ADHD-related symptoms
in both clinical and nonclinical samples (Barkley, 1997; Brydges, Ozolnieks, & Roberts, 2015;
Diamond & Lee, 2011; Gioia, Isquith, Guy, & Kenworthy, 2000; Hofmann, Schmeichel, &
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Baddeley, 2012; Rajendran et al.,, 2013; Rose, Feldman, Jankowski, & Van Rossem, 2011; van
Lieshout et al., 2016). This demonstration reveals the problematic nature of statistically con-
trolling for these abilities that are highly dependent on age.

Current study

Associations between age and performance on intellectual abilities and EF measures were
examined, higher positive associations were expected in the child sample than in the young-
adult sample. We estimated a general cognitive ability model with one latent factor and a
model with two latent factors (1) to test the differential effects of a general cognitive ability
and two separate cognitive abilities on performance on EF and intellectual abilities measures
and (2) to compare factor loadings in these models across samples for a better understanding
of the differentiation of these abilities across two different periods of development (childhood
and young adulthood). Two separate CFA models were estimated to test competing hypotheses
regarding the latent variables determining performance on five cognitive ability variables (i.e.
measures of inhibition, updating, set shifting, nonverbal intellectual ability, and verbal intel-
lectual ability) in two typically developing samples: a child sample and a young adult sample.
The two separate models that were tested within each age group are displayed in Figure 1.
The literature presented supports an overlap between abilities required for performance
on intellectual abilities indices and EF measures which are reflected in the first model esti-
mated, Model A, which is a simple one-factor model. Model B represents the distinction
between intellectual abilities and EF by including two separate, yet correlated latent variables
as determinants of the cognitive abilities measured. Due to the differentiation of cognitive
abilities with age, we expected that for both models, the factors would explain higher
amounts of variance in the observed cognitive measures in the child sample than in the
young-adult sample. To further demonstrate the changing role of age in determining the
relations among cognitive abilities across development, we expanded Model A in both sam-
ples by adding age as a predictor of the general cognitive ability factor. We expected that

(A) (B)

WASI
vocabulary
Intellectual
Ability
Executive
Function

Figure 1. Two hypothesized latent-factor models of cognitive abilities.
Note: WASIWechsler Abbreviated Scales of Intelligence; PASAT Paced Auditory Serial Addition Test; Stroop Stroop interference
score; Trail Making Trail Making Part B minus Part A score.
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age would predict more variance of the general cognitive ability factor in Model A in the
child sample than in the young-adult sample.

In estimating these models, we also demonstrated the effect of statistical control when
assessing the effect of intellectual abilities and EF on ratings of inattention and hyperactivity/
impulsivity; we expected that the general factor of cognitive ability in Model A would be a
significant predictor but that the two factors of EF and intellectual ability in Model B would
be non-significant predictors in the child and young-adult samples.

Method
Participants

The first sample consisted of 250 children (130 males and 120 females) recruited from sub-
urban and rural schools. Their ages ranged from 8 to 15 (M = 10.66, SD = 1.89) with pro-rated
IQ scores between 80 and 144.

The second sample consisted of 329 young-adult university students (92 males and 237
females). Their ages ranged from 17 to 25 (M =19.52, SD = 1.92) with pro-rated 1Q scores
between 81 and 129. Most of the young adult participants were recruited through an under-
graduate student research portal and received course credit for participation, while others
were paid for their participation.

Measures

Ratings of inattention and hyperactivity/impulsivity

In the child sample, the Strengths and Weaknesses of ADHD-symptoms and Normal Behavior
scale (SWAN; Swanson et al., 2012) was used to obtain parent ratings of inattention and
hyperactivity/impulsivity. The SWAN scale uses a strength-based formulation to assess inat-
tention and hyperactive and impulsive behaviors on a continuum, with higher scores indi-
cating better controlled attention and behavior. Parents were asked to rate their child’s
behavior relative to same age peers for each of the 18 items using a 7-point scale ranging
from far below average to far above average. Data were available from 211 parent reports.
Coefficient alpha for this scale was .96.

In the young-adult sample, the Adult Self-Report Scale (ASRS) developed by the World
Health Organization (WHO) was used to assess difficulties associated with Attention-Deficit/
Hyperactivity Disorder (ADHD) in adults (Kessler et al., 2005). The scale has 18 items total
with nine questions related to inattention, six questions related to hyperactivity, and three
questions related to impulsivity. Participants reported the frequency with which they expe-
rienced these difficulties using a five-point Likert-type scale, with response categories of
Never, Rarely, Sometimes, Often, and Very Often. Higher scores indicate more difficulties with
inattention and hyperactivity/impulsivity. Coefficient alpha for this scale was .77.

Cognitive ability measures

Verbal and nonverbal intellectual abilities. The Vocabulary and Matrix Reasoning subtests from
the Wechsler Abbreviated Scales of Intelligence (WASI; Wechsler, 1999) were used as verbal
and nonverbal intellectual ability indices, respectively. These measures are reported to have
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strong reliability and validity (Sattler, 2008). Higher raw scores on these indices indicate
higher verbal and nonverbal intellectual abilities.

Updating. In the child sample, the sentence span task was adapted from Gottardo,
Stanovich, and Siegel (1996) to measure maintenance and updating operations of working
memory. Children were asked to listen to sets of two to five statements and indicate whether
each is true or false. The child was then asked to recall the last word of each sentence in the
set. All statements contained familiar information to schoolchildren, were quite short (mean
length 5.5 words, range 4 to 9 words), and grammatically simple (e.g.‘cars have four wheels,
“fish swim in the sky’). There were three two-item sets, three three-item sets, and three four-
item sets. Each child was asked to recall 27 words total. The updating score was the child’s
recall accuracy with higher scores indicating better updating.

In the young-adult sample, the Paced Auditory Serial Addition Test (PASAT; Gronwall,
1977) was used to assess updating. In this computer-administered task, single digits were
serially presented at a rate of one digit every 3 s (Trial 1) and every 2 s (Trial 2). The partici-
pants were instructed to add each new digit to the one preceding it. Each trial was preceded
by a practice trial. The total number of correct sums given in each trial was averaged to
produce the updating score. Higher scores on this measure indicate better ability to update
information in working memory.

Inhibition. The Victoria version of the Stroop Test (Regard, 1981) was used to measure
inhibition. In this task, participants had to name the incongruent font color of color words
and resist the tendency to read color words. Participants were presented with three different
conditions, each containing 24 items. The first is a color-naming condition, the second a
word-naming condition, and the third is an interference condition in which participants
were asked to name the color of the font in which the color word was printed. The inhibition
score of the Stroop task was calculated by subtracting the total naming time (in seconds)
for the color condition from the total naming time for the interference condition. More time
required to complete the task indicates lower inhibition ability. Scores were reflected so that
higher scores are indicative of better inhibition.

Set shifting. The Trail making Test Parts A and B (Reitan, 1955, 1958) were used to measure
set shifting. Both parts of the test include 25 circles distributed on a sheet of paper. Part A
asks participants to connect 25 numbered circles in ascending order. Part B asks participants
to connect 12 lettered and 13 numbered circles, whereby the participant is instructed to
alternate between numeric and alphabetic order, going from 1to Ato 2to Bto 3 to C, and
so on. Total completion time in seconds is recorded with higher time for completion indi-
cating lower set-shifting ability. To remove the effects of individual differences in processing
speed, the set shifting score was obtained by subtracting the time taken to complete Part
A from Part B. Scores were then reflected so that higher scores are indicative of better set
shifting. We have also provided a summary of the results for the models tested using the
score from Part B only.

Procedure

Trained research assistants administered all tests with participants in both samples following
similar orders of administration. Measures used in this study were part of a larger set of
questionnaires and tests administered to both samples. In the child sample, parent consent
and child assent were obtained before starting the study. The administration of task order
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in the child sample was as follows: demographics form, WASI Vocabulary, WASI Matrices,
Stroop, Trail making, and Sentence Span. One parent completed the SWAN questionnaire
for each child. In the young-adult sample, consent was obtained from all students before
administration of the tasks. Task order in the young-adult sample was as follows: Demographics
form, WASI Vocabulary, WASI Matrices, PASAT, Stroop, Trail making, and ASRS.

Data analysis

All analyses were conducted separately for each of the two samples. There were no missing
data in the young-adult sample, while there were 39 missing parents’ratings of inattention
and hyperactivity/impulsivity in the child sample. The univariate distributions of all items
were inspected as well as scatterplots of the bivariate distributions. No clear non-linear
patterns were observed. Further, the quadratic effect of age on cognitive ability was tested
and it was not significant (p = 0.184). Univariate skewness and kurtosis statistics were near
0 for all variables.

First, product-moment correlations were used to measure the associations among the
measures of intellectual abilities, EF, ratings of inattention and hyperactivity/impulsivity, and
agein the two developmental periods. To address our second hypothesis of cognitive ability
differentiation, we tested the difference between correlation coefficients using the Fisher
r-to-z transformations and used CFA to test the two potential factor structures hypothesized
to underlie the five cognitive ability indicators: (a) a one-factor model of cognitive ability
(Model A); (b) a two-factor model of intellectual ability and EF (Model B). We then demon-
strated the role of age in determining the relations among cognitive abilities by regressing
the general cognitive ability factor in Model A on age in both samples. Finally, we used
structural equation modeling, expanding the same two CFA models by regressing ratings
of inattention and hyperactivity/impulsivity on the different factors of each model to demon-
strate the effects of statistical control.

All models were estimated using R software with the lavaan package (version 0.5-17;
Rosseel, 2012). Maximum likelihood estimation was used with robust standard errors and
fit statistics (Yuan & Bentler, 2000) to adjust for multivariate non-normality. Full-information
maximum likelihood was used to account for the missing SWAN ratings in the child sample.
Model fit was evaluated using the standardized root mean square residual (SRMR), the root
mean square error of approximation (RMSEA), the comparative-fitindex (CFl), and the Tucker-
Lewis index (TLI). Hu and Bentler (1999) recommend values lower than .08 for the SRMR and
.06 for the RMSEA and a value close to .95 or above for CFl and TLI to indicate acceptable
model fit. Less rigorous guidelines are also recommended where values of CFl and TLI greater
than .90 (Kline, 2011) and values smaller than .08 for the RMSEA (MacCallum, Browne, &
Sugawara, 1996) may represent acceptable fit.

Results
Descriptive statistics

Descriptive statistics are presented in Table 1 for each of the child and young-adult samples’
raw variable scores. The 39 children with missing parent reports of SWAN ratings in the child
sample were compared to the rest of the sample on the five cognitive measures, with no
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Table 1. Descriptive statistics of variables used in the child and young-adult samples.

Variables n Mean Median SD Range (min, max)
Child sample

Age 250 10.66 10.00 1.89 8,15
Ratings of inattention and hyperactivity/Impulsivity 21 86.97 85.00 16.93 29,121
Intellectual ability

WASI vocabulary 250 42.47 43.00 7.51 25,62
WASI matrices 250 23.50 24.00 4.65 9,32
EF

Sentence span 250 22.08 21.00 5.86 8,40
Stroop 250 34.58 32.00 13.97 9,86
Trail making 250 63.70 55.00 4133 -2,256.10
Young-adult sample

Age 329 19.51 19.00 1.91 17,25
Ratings of inattention and hyperactivity/Impulsivity 329 51.90 51.00 8.51 31,76
Intellectual ability

WASI vocabulary 329 52.65 53.00 7.02 30,72
WASI matrices 329 27.54 28.00 3.36 16,35
EF

PASAT 329 38.58 39.00 9.08 10,57
Stroop 329 10.15 9.34 4.98 .02, 27.06
Trail making 332 36.06 29.93 22.03 —20.43,117.66

Notes: WASI Wechsler Abbreviated Scales of Intelligence; PASAT Paced Auditory Serial Addition Test; Stroop Stroop interfer-
ence score; Trail Making Trail Making Part B minus Part A score.

Table 2. Correlations among intellectual abilities, executive functions, and inattention/hyperactivity/
impulsivity ratings in child and young-adult samples.

Measures 1 2 3 4 5 6 7
1.Age 1 .06 57% .35% .24% A8* .36
2. Ratings of inattention and hyperactivity/impulsivity ~— —.11* 1 .28% a3 .09 21 31
Intellectual ability

3. WASI vocabulary 1 -.09 1 AT* A0% A5* A0%
4. WASI matrices .02 .003 3% 1 31* 31* .38%
EF

5. Sentence span/ PASAT .05 -.06 .16* .28% 1 32% 37*
6. Stroop -.03 -.01 .18* 21% .38% 1 .39%
7.Trail making .05 —-.01 .10 23% .35% 24 1

Notes: Child sample (n = 250) is above the diagonal line and young-adult sample (n = 329) is below the diagonal line; WAS/
Wechsler Abbreviated Scales of Intelligence; PASAT Paced Auditory Serial Addition Test; Stroop Stroop interference score;
Trail Making Trail Making Part B minus Part A score.

"p < 0.05.

notable differences. All variables’means for these 39 children were within the one standard
error of the mean of the full sample of children with no missing data.

Age-related differences on cognitive measures

The relationships among all variables were examined in each sample. Product-moment cor-
relations among the variables are presented in Table 2 for the child and young-adult
samples.

In the child sample, all cognitive ability indices were significantly (p < 0.05) related to each
other, with correlations ranging from r = .31 to r = .47. All five cognitive ability indices were
also significantly related to age, with correlations ranging from r = .24 to r = .57. Performance
on cognitive measures of verbal intellectual ability (WASI vocabulary), nonverbal intellectual
ability (WASI matrices), updating, inhibition, and set shifting were significantly correlated
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with age, indicating that older children had more developed cognitive abilities. Age, however,
was not related to parent ratings of inattention and hyperactivity/impulsivity (r = .06). Verbal
intellectual ability, inhibition, and set shifting were significantly related to parent ratings of
inattention and hyperactivity/impulsivity, with correlations ranging from r =.21 to r = .31.

In the young-adult sample, cognitive ability indices were significantly (p < 0.05) related
to each other, ranging from r = .13 to r = .38, except the relation between WASI vocabulary
and set shifting was non-significant (r =.10). Age was only significantly related to ratings of
inattention and hyperactivity/impulsivity and to WASI vocabulary, with small correlations
of r=—.11and r=.11, respectively. Although these correlations are significant due to the
large sample size, they are likely too small to indicate a meaningful association. None of the
other cognitive ability indices were significantly correlated with ratings of inattention and
hyperactivity/impulsivity or age.

Associations among cognitive abilities across development

First, the differences between correlation coefficients among intellectual abilities and EF
measures across the two samples were tested. Table 3 presents these results. Bonferroni
correction was used to correct the number of comparisons conducted; the adjusted alpha
level was .005.

The relations among WASI vocabulary scores and all other cognitive and EF indices were
significantly stronger in the child sample, all ps < 0.005. Relations among WASI matrices
scores and EF indices were not significantly different between samples, all ps > 0.005. Among
EF indicators, the relations were not significantly different across samples, all ps > 0.005.

CFA models

Due to the disproportionate gender composition in the two groups, we estimated the models
for each gender separately and observed very similar effects. Specifically, in the child sample,
both models A (Female: SRMR =.023, RMSEA =.000, CFl=1.000, TLI=1.018; Male:
SRMR =.022, RMSEA =.000, CFI = 1.000, TLI = 1.035) and Models B (Female: SRMR =.019,
RMSEA =.000, CFI=1.000, TLI=1.023; Male: SRMR=.018, RMSEA =.000, CFI=1.000,
TLI = 1.045) fit the data well. Similarly, in the young-adult sample, Models A (Female
SRMR =.018, RMSEA =.000, CFI=1.000, TLI=1.046; Male: SRMR =.048, RMSEA =.044,

Table 3. Difference between correlation coefficients across the two samples.

Bivariate Association of Intellectual ability and EF indices compared z-value p
WASI vocabulary — WASI matrices 4.5 <.0001
WASI vocabulary — Sentence Span/PASAT 3.1 .0019
WASI vocabulary - Stroop 3.59 .0003
WASI vocabulary - Trail making 3.83 .0001
WASI matrices — Sentence Span/PASAT 39 .6965
WASI matrices — Stroop 1.27 2041
WASI matrices — Trail making 1.97 .0488
Sentence Span/PASAT - Stroop -.81 4179
Sentence Span/PASAT - Trail making .27 7872
Stroop - Trail making 1.98 .0477

Notes: Positive z-values indicate stronger relations in the child sample (n = 250) compared to the young adult sample
(n = 329). Entries in bold are significant with the Bonferroni-corrected alpha level of .005; WASI Wechsler Abbreviated
Scales of Intelligence; PASAT Paced Auditory Serial Addition Test; Stroop Stroop interference score; Trail Making Trail Mak-
ing Part B minus Part A score.
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CFl=.962, TLI=.925) and Models B (Female: SRMR=.016, RMSEA =.000, CFl=1.000,
TLI = 1.045; Male: SRMR = .044, RMSEA = .047, CFl =.936, TLI =.839) also fit the data well.
Age predicted 50.9 and 41.5% of the variance in the cognitive ability factor in the child female
and male samples, respectively. On the other hand, age predicted .3 and .0% of the variance
in the cognitive ability factor in the young-adult female and male samples, respectively.
Therefore, the full samples of both males and females were used in subsequent analyses of
the child and young-adult samples.

Fit indices for the first set of CFA models estimated with each sample are reported in Table
4. In both the child and young-adult samples, both CFA models fit the data well. All com-
pletely standardized factor loadings reported in Table 5 are significant, p < 0.05. The rela-
tionship between the latent factors in Model B was quite high in both samples (child sample
r =.90; young-adult sample r = .90), and residual correlations were very small (r < .05) for all
models tested. The scaled chi-square difference test of Bryant and Satorra (2012) was used
to test whether the fit of Model A significantly differed from the fit of Model B within each
of the two samples. The fit of Model A did not significantly differ from the fit of Model B in
the child sample, x? (1) = 2.33, p = 0.13, or in the young adult sample, x? (1) =.24, p = 0.62.

Table 6 reports the percentage of variance explained by the two models in each of the
observed variables for each sample separately. These represent the amount of variance
accounted for in each observed variable by the latent variables identified in the separate
models tested. Both models in the child sample explain moderate to large amounts of var-
iance in all observed intellectual abilities and EF indices, ranging between 30.8% of the
variance in updating explained by the general cognitive factor in Model A to 59.0% of the

Table 4. Fit indices of confirmatory factor analysis models for child and young-adult samples.

Child (n = 250) Young-adult (n = 329)

Model A Model B Model A Model B
SRMR .022 .015 .015 .014
RMSEA .031 .00 .00 .00
CFI 995 1.00 1.00 1.00
TLI .989 1.02 1.04 1.036
AlC 9158.0 9157.6 11,163.6 11,165.4
BIC 9210.8 9213.9 11,220.6 11,226.2

Notes: CFI Comparative fit index; TLI Tucker-Lewis index; RMSEA Root mean square error of approximation; SRMR Standard-
ized root mean square residual. AIC Akaike’s information criterion; BIC Bayesian information criterion.

Table 5. Completely Standardized Factor loadings for each observed variable by the two models tested.

Observed variables Factor loadings child sample (n = 250) Factor loadings young-adult sample (n = 329)
Model A

WASI vocabulary 73 .26
WASI matrices .60 42
Sentence span/PASAT .56 .70
Stroop .60 .54

Trail making (only B) 61 (.70) 49 (.60)
Model B

WASI vocabulary 77 .28
WASI matrices .61 46
Sentence span/PASAT .57 .70
Stroop .61 .54

Trail making .63 (.73) .49 (.60)

Notes: WASI Wechsler Abbreviated Scales of Intelligence; PASAT Paced Auditory Serial Addition Test; Stroop Stroop interfer-
ence score; Trail Making Trail Making Part B minus Part A score; Only B Trail Making Part B only.
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Table 6. Percentage of variance explained in each observed variable by the two models tested.

Variance explained (%) young-adult

Observed variables Variance explained (%) child sample (n = 250) sample (n = 329)
Model A

WASI vocabulary 534 6.5

WASI matrices 357 174
Sentence span/PASAT 30.8 483
Stroop 355 29.2

Trail making (only B) 36.9 (49.6) 24.0 (35.2)
Model B

WASI vocabulary 59.0 7.6

WASI matrices 373 21.1
Sentence span/PASAT 324 48.8
Stroop 375 29.2

Trail making (only B) 39.3(53.3) 24.0 (35.4)

Notes: WASI Wechsler Abbreviated Scales of Intelligence; PASAT Paced Auditory Serial Addition Test; Stroop Stroop interfer-
ence score; Trail Making Trail Making Part B minus Part A score; Only B Trail Making Part B only..

variance in WASI vocabulary explained by the intellectual ability factor in Model B. Models
A and B in the young-adult sample also explain moderate to large amounts of variance in
observed EF indices (24.0-48.8%) and small to moderate amounts of variance in intellectual
abilities indices (6.5-21.1%). Even though the results do not inferentially differentiate among
the models tested in the two samples, these results show the different patterns of relations
across samples, with lower amounts of variance explained on performance measures of
cognitive abilities in the young-adult sample than in the child sample (with the exception
of updating).

All models fit the data well using Part B only scores from the Trail making test and results
for the standardized factor loadings and variance explained in Part B only are reported in
Tables 5 and 6, respectively. Similar effects are observed across samples, in which lower
amounts of variance were explained in Part B scores in the young-adult sample as compared
to the child sample.

We then added age as a predictor of the cognitive ability factor in Model A in both sam-
ples. Models A with age fit the data well in both the child and young-adult samples (child
sample: SRMR =.035, RMSEA =.078, CFI=.960, and TLI=.933; young-adult sample:
SRMR =.026, RMSEA =.000, CFl = 1.000, and TLI = 1.011). Of importance, and consistent with
our expectations, age significantly predicted general cognitive ability in the child sample
with B* =.68, p < 0.001, explaining 46.0% of the factor variance. On the other hand, age did
not significantly predict general cognitive ability in the young-adult sample with B* = .06,
p =0.376, explaining only .4% of the factor variance. Similarly, using only Trail-making Part
B scores, age explained 46.4% of the factor variance in the child sample and only .4% of the
factor variance in the young-adult sample.

Statistical control demonstration

Next, structural models were estimated to demonstrate the effects of statistical control when
examining the effect of cognitive abilities on ratings of inattention and hyperactivity/impul-
sivity in the child sample. The expanded Models A (SRMR = .035, RMSEA =.063, CFl =.965,
andTLI =.942) and B (SRMR = .032, RMSEA = .069, CFl = .968, and TLI| = .931) fit the data well
in the child sample. As expected, the two latent variables of intellectual ability and EF
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identified in Model B did not significantly predict parents’ratings of inattention and hyper-
activity/impulsivity (intellectual ability B* =.01, p = 0.98; EF B* =.34, p = 0.37; see Figure 2b).
The cognitive ability latent variable from Model A, however, did significantly predict parents’
ratings of inattention and hyperactivity/impulsivity, with B* = .34, p < 0.05 (see Figure 2(a)).

These analyses were not performed in the young adult sample due to lack of associations
between ratings of inattention and hyperactivity/impulsivity and any of the cognitive meas-
ures (see Table 2).

WASI
vocabulary
WASI
matrices
Ratings of in attwntion|
Sentence span . Cognitive — 034—— == and hyperactivity/
ability impulsivity

Stroop

Trail making

(B)

WASI

vocabulary \

WASI - 060

matrices

Intellectual
Ability

1 0.01
Ratings of inattwntior
and hypenactivity/
impulsivity

Sentence span ‘\

Stroop 0.61

Executive
Function

Trail making

Figure 2. Structural Models A and B in the child sample (n = 250).
Note: WASIWechsler Abbreviated Scales of Intelligence; PASAT Paced Auditory Serial Addition Test; Stroop Stroop interference
score; Trail Making Trail Making Part B minus Part A score.
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Discussion

The results of this study support a pattern of stronger relations among cognitive abilities in
the child sample as compared to the young-adult sample. The latent cognitive abilities iden-
tified explained higher amounts of variance in observed EF and intellectual abilities measures
in the child sample compared to the young-adult sample. Age significantly predicted the
general cognitive ability factor in Model A in the child sample but not in the young-adult
sample. Further, the combined effect of intellectual abilities and EF in the general cognitive
ability factor (from Model A) predicted ratings of inattention and hyperactivity/impulsivity
in the child sample. However, when intellectual ability and EF are separated (i.e. Model B),
the effect of one while controlling the other on inattention and hyperactivity/impulsivity
were non-significant in the child sample. This effect is due to the higher dependence on age
for the development of cognitive abilities in childhood and adolescence compared to young
adulthood; these relations among cognitive abilities have methodological and practical
implications, as discussed below.

Relations among cognitive abilities across development

When EFs are measured alongside other cognitive indices, such as intellectual abilities, there
is substantial overlap between these constructs, especially in developmental samples (e.g.
Brydges et al., 2012; Jewsbury et al., 2016; Salthouse et al., 2003). Considering these strong
associations, and the importance of these constructs in formal assessments, this study exam-
ined the patterns of relations among these cognitive abilities across samples. Representing
different periods of development, we compared the amount of variance explained in per-
formance on EF and intellectual abilities indices by latent cognitive abilities.

All of the associations among the cognitive indices in the child sample were stronger
than those in the young-adult sample. Specifically, associations between WASI vocabulary
and all other cognitive indices were significantly stronger in the child sample than in the
young-adult sample, but not between WASI matrices and all other EF measures nor among
the EF measures. These results suggest that some of these relations between EF indices and
WASI scores are not necessarily a function of age differences but rather might be based on
shared underlying cognitive processes (Kane & Engle, 2002; Salthouse & Davis, 2006).

Even though both Models A and B fit the data well in both samples, the inter-factor cor-
relation in Models B was very high. This high inter-factor correlation follows other reported
findings (Salthouse & Davis, 2006) and is even stronger than those reported by Brydges et
al. (2012). When examining the amounts of variance explained in the five cognitive measures,
more variance was explained in the child sample than in the young-adult sample, suggesting
that those abilities may differentiate and are determined by more specific, rather than gen-
eral, cognitive abilities in older populations (Brydges et al., 2014; Li et al., 2004).

Updating had higher variance explained in the young-adult sample than the child sample
in the one-factor model (see Table 6). This finding is consistent with previous associations
between updating and intellectual abilities (Conway, Kane, & Engle, 2003; Friedman et al.,
2006). As such, the latent cognitive factors identified to underlie performance on intellectual
abilities and EF indices might have been more influential on updating tasks than other
cognitive tasks in the young-adult sample.
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Age-related effects across samples

As expected, age was significantly positively related to all cognitive measures in the child
sample including verbal ability, nonverbal ability and indices of updating, inhibition, and
set shifting, which is consistent with the reported age improvements in childhood and ado-
lescence (Anderson, 2001; Carlson et al., 2012; Lehto, Juujarvi, Kooistra, & Pulkkinen, 2003).
The association between age and verbal ability was stronger than with other cognitive meas-
ures, which is in line with an understanding that verbal ability depends on Gc and corre-
sponds to verbal skills, instruction, and knowledge acquired through education, and thus
is more dependent on knowledge accumulated throughout the years of development
(Skirbekk, 2004). In the young-adult sample, age was not significantly related to any of the
intellectual ability (verbal or nonverbal) or EF measures. This finding reflects the stability of
intellectual abilities and EF in adulthood, consistent with previous research with young-adult
samples (Deary et al., 2000; Salthouse & Davis, 2006). These results are also consistent with
the rate of maturation of the PFC that continues developing until late adolescence (Gogtay
et al.,, 2004), which has been related to the development of cognitive abilities and perfor-
mance on both intellectual abilities and EF measures (Cunningham & Zelazo, 2007; Nisbett
etal, 2012).

Further, our results also indicate that age plays an important role in determining the
relations among cognitive abilities in the child sample, explaining 46% of the variance in
the general cognitive ability factor. However, consistent with our expectations, age was not
a strong determinant of these relations in the young-adult sample, explaining near zero
variance in the general cognitive ability factor. These results highlight the developing nature
of these cognitive abilities by demonstrating their dependence on age in younger popula-
tions as opposed to their more stable state in young adulthood.

Statistical control when assessing cognitive abilities

As mentioned earlier, intellectual abilities and EF are critical cognitive abilities that are com-
monly assessed and implicated in neurodevelopmental and cognitive-behavioral disorders
(Casey et al.,, 2002; Dennis et al., 2009; Pennington & Ozonoff, 1996) and are important pre-
dictors of developmental milestones such as academic achievement (e.g. Best et al., 2011;
Duckworth et al., 2012). In this study, we used ratings of inattention and hyperactivity/
impulsivity as the outcome of interest. In the child sample, we demonstrated that a general
cognitive ability factor significantly predicted parent ratings of inattention and hyperactivity/
impulsivity, while neither one of the two factors of intellectual ability and EF in the two-factor
model uniquely predicted these ratings. Considering the highly related nature of cognitive
abilities in childhood and adolescence and their association with age, these results are con-
sistent with claims by Arffa (2007) and Dennis et al. (2009) regarding the effects of using
intelligence test scores as a covariate in clinical and developmental studies. When one con-
trols for intellectual abilities in developmental samples, one risks removing reliable variance
in EF that predicts outcomes or differentiates populations. Dennis et al. (2009) discuss the
implications of using intelligence scores especially as covariates, or of matching groups
based on intelligence scores, in studies of neurodevelopmental disorders, this study sheds
light on the importance of considering these implications even when using measures of
intellectual ability in typically developing populations.
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Conclusions regarding changing relations among cognitive abilities and their
measurement

Across all analyses, the results consistently found higher relations among scores on intellec-
tual abilities and EF indices in the child sample compared to the young-adult sample and
are consistent with cross-sectional results from Li et al. (2004). These findings reflect the
developing nature of childhood and adolescence periods when all cognitive abilities are
rapidly developing compared to later developmental periods, such as young adulthood,
where cognitive abilities are more stable. This pattern is important for researchers and cli-
nicians relying on composite scores to measure general intellectual functioning. Considering
the proportion of variance explained in the cognitive indices in the two samples, the results
of this study suggest that composite scores might appropriately represent children’s devel-
oping cognitive abilities. However, using composite scores with young adults might be less
adequate, especially with higher scoring adults because their separate cognitive abilities
might be more distinguishable.

Finally, itis important to note that even with the good fit statistics of the one- and two-fac-
tor models in both samples, the most variance accounted for in one of the cognitive indica-
tors by the latent factors reached 59.1% (see Table 6), which leaves a considerable proportion
of unexplained variance. With this finding, we conclude that the different measures of intel-
lectual abilities and EF have unique aspects that are not explained by a general cognitive
ability factor or two separate factors of intellectual ability and EF. The patterns in the results
reflect the highly related nature of the separate cognitive variables rather than a complete
overlap among those variables. This pattern is also proposed in Miyake and Friedman’s (2012)
model of a general executive ability underlying all EFs alongside multiple independent abil-
ities belonging to each specific EF, and is similar to Anderson’s (1992) theory of minimal
cognitive architecture in the intellectual abilities literature. The latter theory proposes that
separate cognitive processes influence different domains of intellectual performance, but
that these processes are limited by a single general ability which leads to associations across
performance in all the different domains (i.e. different cognitive indices). This pattern is
further supported by the CHC model of cognitive abilities (Carroll, 1993).

Future directions and limitations

A next step is to use a longitudinal approach to examine the changing pattern of relations
among cognitive measures of both intellectual abilities and EF in the same developmental
sample of participants. A longitudinal approach would provide a converging analysis that
would yield more concrete conclusions than those provided by cross-sectional data alone.
It will further allow us to test the possibility of a non-linear age-related improvement in
cognitive abilities, as suggested by both Korkman et al. (2013) and Weintraub et al. (2013).
Another promising direction is to test the same models with a variety of different outcomes,
scoping numerous domains beyond inattention and hyperactivity/impulsivity, which will
be of relevance to clinicians for understanding cognitive abilities'role across neurodevelop-
mental disorders. Intellectual abilities and EF predict an array of outcomes, and it would be
important to identify the specific outcomes that are predicted uniquely by separate cognitive
processes and those predicted by shared cognitive, or general, processes and the implica-
tions thereafter on assessment and intervention.
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This study provides unique findings with important implications, but it is not without
its limitations. The CHC model of cognitive abilities (Carroll, 1993) includes 16 interrelated
cognitive abilities which are encompassed by a general cognitive ability factor. Yet, this
study focused mainly on indicators of nonverbal and verbal intellectual abilities (Gf and
G, respectively) and three of the EF processes, limiting the conclusions regarding broader
aspects of cognitive abilities which also include processing speed, visual processing,
auditory processing, quantitative knowledge, and other processing abilities. Thus, it is
important to replicate the results regarding the underlying cognitive abilities with a larger
set of measures which might reflect different dimensions and processes than the ones
used in the current models. It would be best for future projects to use two or more indi-
cators to represent each cognitive construct in the model. The three EFs tested in this
study are among the most examined and based on the most replicated EF structure
(Miyake et al., 2000). Further, this study utilized performance-based measures of cognitive
abilities and therefore the results should not be generalized to scores obtained from
rating scales, as these different measurement modalities do not necessarily measure the
same aspects of cognition (see Toplak, West, & Stanovich, 2013). Future studies may also
consider using a multi-informant assessment of ADHD-related difficulties for a more reli-
able and valid representation of these constructs. It is also important to note that psy-
chiatric disorders and specific learning disabilities were not formally screened in the
current study, and as such, we were unable to examine their potential effects on the
results. A final limitation concerns the updating measures used that were different across
samples, affecting the direct comparison of relations between updating and other cog-
nitive abilities across samples. However, it is important to note that we obtained strong
associations between updating measures and intellectual ability indices, within each
sample, which is consistent with previous findings (e.g. Belacchi et al., 2010; Engle et al.,
1999; Salthouse & Pink, 2008).

In conclusion, the results of this study suggest that the cognitive abilities of intellectual
ability and EF show higher dependence on age in developmental samples than in young
adults. The results obtained from the analyses conducted in this study support the devel-
opmental nature of cognitive abilities in younger populations, and highlighted the differ-
ences in the patterns of relations of cognitive abilities between typically developing child
and young-adult samples. These findings have implications for the measurement and analysis
of cognitive abilities in typically and atypically developing populations. Specifically, it is
inappropriate to control for intellectual ability when measuring the effect of EF in child
samples.
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