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A B S T R A C T   

The unity/diversity framework, originally published by Miyake et al. (2000) has become the most cited model of 
executive functioning. Consequently, when researchers operationalise executive function (EF) they often 
exclusively assess the three “core” EFs: updating, shifting, and inhibition. However, rather than core EFs rep-
resenting domain general cognitive abilities, these three EFs may instead represent specific procedural skills from 
the overlapping methodologies of the tasks selected. In this study, we conducted a confirmatory factor analysis 
(CFA) which showed both the traditional three-factor and nested-factor model from the unity/diversity frame-
work failed to reach satisfactory levels of fit. Subsequently, an exploratory factor analysis supported a three- 
factor model reflecting: an expanded working memory factor, a combined shifting/inhibition factor represent-
ing cognitive flexibility, and a factor comprised solely of the Stroop task. These results demonstrate that working 
memory remains the most robustly operationalised EF construct, whereas shifting and inhibition may represent 
task-specific mechanisms of a broader domain-general cognitive flexibility factor. Ultimately, there is little ev-
idence to suggest that updating, shifting, and inhibition encapsulates all core EFs. Further research is needed to 
develop an ecologically valid model of executive functioning that captures the cognitive abilities associated with 
real world goal-directed behaviour.   

1. Introduction 

Historically labelled “frontal lobe functions”, there has been exten-
sive research investigating executive function (EF), with escalating in-
terest since the start of the twenty-first century (Baggetta & Alexander, 
2016; Karr et al., 2018). Over the years, many definitions and models 
regarding the nature and organisation of EF have been proposed. For 
example, Goldstein and Naglieri (2014) identified 32 separate defini-
tions of EF within the literature. Nonetheless, there is a considerable 
degree of overlap across these models and definitions, and leading re-
searchers have commonly – although not unanimously – categorised EF 
as an umbrella term that encompasses a variety of distinct but related 
higher order cognitive control processes. These control processes, 
labelled executive functions (EFs), presumably coordinate lower-level 
cognitive processes (i.e., attention, language, memory) to facilitate 
intentional self-regulation and goal-directed or problem-solving be-
haviours (i.e., executive functioning; Diamond, 2013; Friedman & 
Miyake, 2017; Lezak et al., 2004). Accordingly, EF can be thought of as 
analogous to the conductor of an orchestra, coordinating multiple 

different components to create a coherent and desirable symphony 
(Jones et al., 2012). 

To date the most cited model of EF is the unity/diversity framework 
(Miyake et al., 2000; 17,790 citations according to Google Scholar as of 
February 2023). Following an extensive literature review Miyake et al. 
(2000) proposed that self-regulatory and goal directed behaviour was 
influenced by three core EFs: shifting attention in response to environ-
mental change, monitoring and updating the content of working mem-
ory, and inhibition of impulses and inappropriate responses (i.e., 
shifting, updating, inhibition). A test battery was designed to assess each 
of the three EFs, which comprised nine computerised tasks; three for 
each EF (Miyake et al., 2000). Miyake et al. (2000) conducted a 
confirmatory factor analysis (CFA), which was stipulated to extrapolate 
a “purer” measure of each executive construct as the shared variance 
would isolate the desired EF and alleviate the issue of task impurity. 
Often performance on an EF measure is influenced by multiple higher- 
order and lower-order cognitive processes acting simultaneously. 
Therefore, it is difficult to obtain a score from a task that isolates an EF 
(i.e., task impurity). The CFA supported a three-factor model, showing 
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shifting, updating, and inhibition to be separable EFs (Miyake et al., 
2000). However, the three EFs were not clearly distinguishable con-
structs as they were moderately correlated with one another, demon-
strating the “unity” and “diversity” between these EFs (Miyake et al., 
2000). Shifting, updating, and inhibition were also found to be signifi-
cant predictors of performance on complex EF tasks such as the Tower of 
London and Wisconsin Card Sorting Task; reaffirming the notion that 
they are core EFs (Miyake et al., 2000). Consequently, the unity/di-
versity framework re-conceptualised EF as comprising a dissociable but 
interrelated set of cognitive processes and showed that CFA is an 
effective technique to determine the organisation of EF (Karr et al., 
2018). 

The original three-factor model proposed by Miyake has been 
modified to a “nested-factor” model (Friedman & Miyake, 2017; Miyake 
& Friedman, 2012). Rather than including three separate EFs as factors, 
the nested-factor model introduces a “common” EF factor, which en-
capsulates the shared variance between updating, shifting, and inhibi-
tion (see Fig. 1). The common EF factor potentially reflects a domain- 
general executive control construct, which emerges in early childhood 
(Best & Miller, 2010) and is the foundational to successful performance 
on all EF measures and goal-directed behaviour (i.e., executive func-
tioning) more broadly (von Bastian et al., 2020). This construct repre-
sents an individual's ability to bias attention towards a particular goal or 
task, the capacity to create mental representations of that goal, and to 
coordinate lower-order cognitive abilities to support in achieving that 
goal (Friedman & Miyake, 2017; Miyake & Friedman, 2012). Once the 
shared variance between measures of updating, shifting, and inhibition 
were accounted for in the nested-factor model, there was no unique 
variance remaining for a distinct inhibition factor with the unaccounted 
variance forming both updating-specific and shifting-specific factors 
(Friedman & Miyake, 2017). 

There has been extensive research investigating the unity/diversity 
framework across all age groups. During the earliest stage of life (i.e., 
infancy; 0–2 years), EF appears to be best represented as a unitary 
construct (Wiebe & Karbach, 2018). Undoubtedly, this is due to the 
considerable difficulties in measuring EF during infancy. This age period 
coincides with extensive neurological development and limitations in 
motor, language, and attention abilities (Hughes & Graham, 2002; 
Isquith et al., 2005). As children age, executive functioning continues to 
improve with children beginning to show signs of updating working 
memory, shifting attention, and basic response inhibition as early as age 
four (Best & Miller, 2010). Subsequently, research into models of EF 

during childhood (4–12 years) primarily supported a unitary factor 
model of EF, or a two-factor model represented by a distinct updating 
factor, and combined shifting and inhibition factor (Brocki & Tillman, 
2014; Brydges et al., 2012; Lambek & Shevlin, 2011; Lee et al., 2012; 
Lehto et al., 2003; Monette et al., 2015; Usai et al., 2014). The lack of a 
distinct inhibition and shifting factor has been attributed to children 
possessing domain-general cognitive processes rather than executive 
processes that are attuned to specific task requirements (Wiebe & Kar-
bach, 2018). 

By adolescence (12–18 years), and adulthood research has shown 
comparable support for both the three-factor (Fournier-vicente et al., 
2008; Klauer et al., 2010; Lee et al., 2013; Xu et al., 2013) and nested- 
factor models (Fleming et al., 2016; Ito et al., 2015; Miyake & Fried-
man, 2012). However, this is not uniformly the case, with other adult 
studies supporting a two-factor model with a distinct updating factor 
and combined shifting and inhibition factor (Adrover-Roig et al., 2012; 
Bettcher et al., 2016; Hedden & Yoon, 2006; Hull et al., 2008). A sys-
tematic review by Karr et al. (2018) which examined the unity/diversity 
framework only found tentative support for the model. Upon conducting 
a bootstrap re-analysis which simulated 5000 samples, no model was 
unequivocally supported. Across all age groups, the three- and nested- 
factor models showed low rates of model acceptance (i.e., <50 % of 
the time models met conventional fit thresholds; Karr et al., 2018). 
Overall, although a portion of the early literature has shown some de-
gree of support for the unity/diversity framework, emerging research 
has challenged Miyake et al.'s (2000) conceptualisation of EF. 

Despite being the most cited model of executive functioning, the 
unity/diversity framework has several important limitations, which are 
often repeated in replications throughout the research literature. Firstly, 
across numerous studies the inhibition tasks used have demonstrated 
weak factor loadings and were unable to form a unitary latent variable 
(Brydges et al., 2012; Hedden & Yoon, 2006; Hull et al., 2008; Rey- 
Mermet et al., 2019). Miyake and Friedman (2012) theorised that the 
ability to inhibit irrelevant information or prepotent responses may be 
entirely captured by a unitary cognitive control network (i.e., common 
EF), rather than an inhibition-specific process. However, the transition 
from the original three-factor model to the nested-factor model fails to 
alleviate this issue as studies are unable to achieve satisfactory levels of 
fit with the nested factor model (Karr et al., 2018). Problematically, the 
inhibition measures used to construct the unity/diversity framework (e. 
g., antisaccade task, flanker task, Stroop, go/no-go, and the stop-signal 
task) have demonstrated weak-to-no relationships between each other 

Fig. 1. Three-factor and Nested-factor model of the Unity/Diversity Framework. 
Notes. Model A represents the three-factor model with distinct yet related inhibition, shifting, and updating factors. Model B represents the nested factor model with a 
common EF, shifting specific, and updating specific factor. 
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(Guye & von Bastian, 2017; Hedge et al., 2018;Rey-Mermet et al., 2019 ; 
Rouder & Haaf, 2019 ; von Bastian et al., 2020). 

A recent wave of investigation into the psychometric properties of 
the aforementioned inhibition measures (occasionally labelled as “ex-
ecutive” or “attentional control” measures) has resulted in two 
competing explanations regarding the weak correlations between tasks. 
Some researchers have stipulated that there is no unitary inhibition 
factor, but rather multiple domain-specific inhibition skills divided by 
task mechanics or the type of distractors implemented (Rey-Mermet 
et al., 2019; Rouder & Haaf, 2019; von Bastian et al., 2020). Conversely, 
other researchers have posited that the tasks are theoretically assessing 
the same construct (Draheim et al., 2021; Hedge et al., 2018), although 
this construct may operate as a higher-order factor that can be divided in 
lower-order factors based on task mechanics or the type of distractors 
(von Bastian et al., 2020). Von Bastian et al. (2020) attributed the lack of 
convergent validity between inhibition measures to poor reliability 
properties. 

Hedge et al. (2018) examined the intraclass correlations of the 
flanker task, Stroop, go/no-go, and the stop-signal task, and most mea-
sures fell below acceptable reliability criteria. The poor reliability 
characteristics of these tasks were credited to the use of reaction time as 
the dependent variable without accounting for accuracy (von Bastian 
et al., 2020). The scoring method most commonly used for these inhi-
bition measures is to compare reaction time on experimental conditions 
(typically containing added distractions) with control conditions. 
However, this scoring method fails to account for participants' speed- 
accuracy trade-off during experimental conditions, where some partic-
ipants may favour accuracy over speed or vice-versa. Additionally, the 
reaction time difference assumes the influence of processing speed is 
consistent across the different trials, yet there is no evidence for this 
assumption (Draheim et al., 2021; Rey-Mermet et al., 2019). The unin-
tended influence of speed-accuracy trade-off and processing speed in-
creases the unsystematic variance of inhibition scores and ultimately 
diminishes the reliability of these tasks. Subsequently, the poor reli-
ability properties are problematic when assessing correlations between 
constructs as the results might be attributable to error (Draheim et al., 
2021; Hedge et al., 2018; Rey-Mermet et al., 2019). Draheim et al. 
(2021) showed that relationships between the Stroop and flanker tasks 
improved when accuracy-based dependent variables were used instead 
of reaction time. Furthermore, the tasks showed stronger reliability 
properties and also formed a coherent inhibition latent factor, adding 
support for a unitary inhibition factor. 

Collectively, these recent studies call into question what precise 
cognitive ability the inhibition factor from the unity/diversity frame-
work represents, given the inconsistent relationships between inhibition 

tasks and their poor reliability properties. The inhibition factor should 
be reconstructed with tasks that avoid these limitations. For example, 
the Victoria Stroop test, contingency naming test (CNT), and stop-signal 
task (SST) are measures of inhibition that factor both speed and accuracy 
into the inhibition scores provided, and demonstrate sound reliability 
properties (see Anderson et al., 2000; Strauss et al., 2006; von Bastian 
et al., 2020). These alternative tasks can be used to determine whether a 
unitary inhibition latent factor can be constructed or if inhibition is best 
represented through multiple domain-specific factors. 

The second limitation with the unity/diversity framework is that 
previous studies which have supported the shifting factor utilised tasks 
with procedurally identical methodology. These studies administered 
three task-switching paradigms (e.g., The colour-shape, letter-numbers, 
picture-symbol, and category-switch) to construct the shifting factor 
(Fleming et al., 2016; Fournier-vicente et al., 2008; Friedman et al., 
2011, 2016; Ito et al., 2015; Klauer et al., 2010; Lee et al., 2013; Xu et al., 
2013). Although conceptually these tasks are different, they are proce-
durally identical with only superficial changes to the stimuli presented 
(e.g., presenting a red/green triangles/circles compared to presenting a 
vowel/consonant with an even/odd number, see Fig. 2). 

When conducting a factor analysis with multiple task-switching 
paradigms, the resulting latent variable is likely to reflect more than 
just shifting abilities due to the overlapping methodology. For example, 
while task switching paradigms require participants to adapt to new rule 
changes, they also involve filtering out distracting information, fine 
motor-skills (i.e., the procedural skill of alternating between two fixed 
keyboard responses), and processing speed (Yu et al., 2017). The con-
structed shifting factor from the unity/diversity framework could just as 
easily represent these abilities, rather than isolating shifting. To truly 
construct a shifting factor it is necessary to select tasks which require 
adjusting attention to new rule changes, while avoiding overlap in 
assessing undesired abilities. For example, alongside a task-switching 
paradigm researchers could also administer card sorting tasks which 
assess participants' ability to adapt to rule changes without being 
influenced by processing speed, as these tasks are not time-based (Perry 
et al., 2001). Additionally, verbal fluency is not often associated with 
shifting, but has been shown to significantly relate to task switching 
paradigms and measures participants' ability to generate new informa-
tion (Paula et al., 2015), without concern that performance will be 
constrained by their ability to inhibit distractions caused by learned 
behaviour (e.g., responding to the colour rather than shape of a 
stimulus). 

Overall, the unity/diversity framework has been widely replicated in 
the research literature, becoming the most prominent model of EF, 
however these studies often repeated the same limitations outlined 

Fig. 2. Three task-switching measures: category-switch, colour-shape, and letter-numbers. 
Notes. Photo 1 is a screen capture of the category-switch task, participants alternate between identifying if the object named in the centre of the screen is living/non- 
living, or smaller/larger than a basketball. Photo 2 presents the colour-shape task where participants identify the shape or colour of the object presents based on the 
letter cue at the top of the screen. Photo 3 depicts the letters-numbers task, when the letter/number compound is presented in the lower quadrant participants 
identify the number (i.e., odd/even) and when the letter/number compound are presented in the upper quadrant participants identify the letter (i.e., value 
or consonant). 
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above: selecting unreliable inhibition measures and multiple task- 
switching measures with overlapping methodologies, thus diminishing 
the validity of the unity/diversity framework. It is important that EF is 
operationalised and measured accurately as executive functioning has 
been associated with numerous positive life outcomes (e.g., academic 
ability, physical health, personal finances, social interactions; Alloway 
& Alloway, 2010; Moffitt et al., 2011). Furthermore, there is clinical 
utility in ensuring popularised models of EF are sufficiently validated as 
executive dysfunction has been associated with most psychological 
disorders (Snyder et al., 2015). Therefore, models of EF that can accu-
rately identify the core EFs can assist clinicians with selecting which 
tasks to use when screening for deficits in executive functioning. This 
study aimed to explore the relationship between nine EF measures and 
their associated latent factors, firstly, by conducting confirmatory factor 
analyses to re-evaluate the three-factor and nested-factor model of the 
unity/diversity framework, and secondly, by carrying out an explor-
atory factor analysis (EFA). 

The EF test library is immense, Baggetta and Alexander (2016) 
reviewed 106 studies and identified 109 distinct tasks and 11 different 
test batteries proclaiming to measure 39 uniquely labelled EFs. Studies 
which have supported the unity/diversity framework have intentionally 
selected shifting tasks where there is little change in the procedural 
demands for participants. Furthermore, inhibition measures used have 
shown problematic reliability properties (Rey-Mermet et al., 2019; von 
Bastian et al., 2020). The tasks selected in the current study are pur-
ported to measure factors from the unity/diversity framework, but with 
no overlapping procedures and demonstrated sound psychometric 
properties. By selecting measures which theoretically assess the same 
cognitive construct through varied procedures, there should be an 
increased likelihood that latent factors represent a specific EF, rather 
than a task-specific procedural skill. 

2. Method 

2.1. Participants 

A sample of 156 participants aged between 18 and 58 years, were 
recruited through convenience and snowball sampling methods via 
electronic advertisements posted on social media (e.g., Facebook) and 
on university notice boards. Inclusion criteria for the current study 
required participants aged between 18 and 60 years, normal or cor-
rected to normal vision, and no currently diagnosed psychological dis-
order (e.g., mood disorders, anxiety disorders, etc.) or pre-existing 
neurological disorder (e.g., Alzheimer's and Dementia, ADHD, etc.). 
Demographic information is presented in Table 1. For taking part in the 
study each participant was compensated with a $20 gift card and an 
optional brief personality report (that was produced as part of a larger 
study). 

2.2. Materials 

A demographics questionnaire was administered via the online 
platform Inquisit, collecting information on participants' eligibility to 
participate, age, gender, education, current occupation, and occupation 
classification. Additionally, an extensive EF test battery was adminis-
tered including three measures for each EF construct: updating, shifting, 
and inhibition. A comparison between the tasks used in the current study 
and the tasks used by Miyake et al. (2000) and Friedman et al. (2008) is 
presented in Table 2. Table 3 presents a summary of the psychometric 
properties for each EF tasks used in the current study. 

2.2.1. Updating measures 
In keeping with Miyake et al.'s (2000) definition, updating refers to 

monitoring and manipulating the content of working memory. The digit 
span task, n-back, and keep track were selected as measures of updating. 

2.2.1.1. Digit span task. The experimenter read a list of digits to par-
ticipants, at a rate of one digit per second (Wahlstrom et al., 2016). For 
digit span forward (DF), the participants recited the digits in the order 
presented, whereas for digit span backwards (DB) digits were recited in 
reverse order. Both DF and DB began at a digit length of two with 
increasingly longer sequences after every two trials to a maximum of 
nine and eight digits, respectively (Wechsler, 1997). Participants 
received one point for each correctly recited DB trial, if a mistake was 
made on two consecutive trials of the same digit length the test was 
discontinued. 

2.2.1.2. N-back task. Participants were presented with a sequence of 
20 + n yellow letters (c, g, h, k, p, q, t, w) against a black background, 
where n represents the current level of the task (i.e., 2-, 3-, or 4-back; 
Jaeggi et al., 2010a, 2010b). Each letter was presented for 500 ms, 
followed by a 2500 ms interstimulus interval. Participants were tasked 
with identifying whether the current letter matches the letter presented 
two- (2-back), three- (3-back), or four- stimulus prior (4-back). Overall, 
this n-back task consisted of nine trials, three for each n-back level. The 
difference between the total number of correct hits and commission 
errors (i.e., incorrect identification of target), divided by the number of 
blocks was used as a measure of updating (Jaeggi et al., 2010a, 2010b). 

2.2.1.3. Keep track. The keep track task comprised of 12 trials (Miyake 
et al., 2000), and each presented participants with 2–4 key categories, 
followed by a list of 15 words presented serially at the centre of a 
computer screen for 1500 ms each, in a randomised order. At the end of 
the 15-word sequence participants were asked to recall the last word 
presented for each of the key categories presented at the start of each 
trial. Initial trials began with only two key categories and increased in 
difficulty every four trials by adding an additional key category up to a 

Table 1 
Participant demographic information (N = 156).  

Variable M(SD) n(%) 

Gender   
Male  66 (42.3 %) 
Female  90 (57.7 %) 

Age 25.92 (7.47)  
Education   

High School  54 (34.6 %) 
Certificate 3 or 4  17 (10.9 %) 
Diploma or Advanced Diploma  13 (8.3 %) 
Bachelor or Honours Degree  69 (44.2 %) 
Master's Degree  1 (0.6 %) 
Doctorate  1 (0.6 %)  

Table 2 
Comparison of EF measures used in the current study and past research.  

Current study Miyake et al., 2000 Friedman et al., 2008 

Updating   
Digit Span Letter Memory Letter Memory 
N-back Tone Monitoring Spatial n-back 
Keep Track Keep Track Keep Track 

Shifting   
Colour-shape Colour-shape Plus-minus 
MCST Number-letter Number-letter 
Verbal Fluency Category-switch Local-global 

Inhibition   
Stroop Stroop Stroop 
Stop-signal – integration 
method 

Stop-signal – mean 
method 

Stop-signal – mean 
method 

CNT Antisaccade Antisaccade 

Notes. CNT = Contingency naming test; MCST = Modified card sorting task. 
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maximum of four key categories. The total number of correctly recalled 
words provided a measure of updating. 

2.2.2. Shifting measures 
Shifting is the ability to switch between tasks or mental sets (Miyake 

et al., 2000) and was measured using the colour-shape task, modified 
card sorting task, and verbal fluency. 

2.2.2.1. Colour-shape task (CST). The CST consisted of a practice block 
with 24 trials and two experimental blocks with 56 trials each (Friedman 
et al., 2016, 2018). For each trial, a cue is presented (the letter ‘C' or ‘S’) 
followed by a shape (square or triangle) in one of two colours (green or 
red). Participants were tasked with categorising the stimuli by colour or 
shape, depending on the letter cues, by pressing ‘A’ or ‘L’ on the 
keyboard as quickly and accurately as possible. The difference between 
the average reaction time (RT) on switch trials and repeat trials (i.e., the 
switch cost) was used as a measure of participants' shifting ability. 

2.2.2.2. Modified card sorting task (MCST). Participants were presented 
with four reference cards and a single card from two decks of 24 cards. 
Cards from the decks varied in terms of colour (red, green, blue, or 
yellow), shape (circle, square, star, or cross), and/or number (1, 2, 3, or 
4). Participants were tasked with sorting each of the 48 cards with one of 
the four reference cards. The sorting rule cycled through a pre-
determined sequence (colour, shape, number) until all 48 cards have 
been played, with the sorting rule changing after six consecutive correct 
answers, completing the current category. The total number of persev-
erative errors (i.e., failure to change, and continued use of a sorting rule 
following feedback that it was incorrect) provided a measure of the 
participants' shifting ability. Notably the current study followed the 
Channon (1996) scoring method for perseverative errors, however also 
scored alternating between two incorrect sorting rules as perseverative 
errors (i.e., colour, shape, colour, shape). 

2.2.2.3. Verbal fluency. Participants were asked to produce within one 
minute as many different words as they could for a given letter: F’, ‘A’ 
and ‘S’ (Borkowski et al., 1967; Strauss et al., 2006). Participants were 
instructed to avoiding repeating words or saying proper-nouns. All 

participants' spoken words were written down and the total number of 
unique words produced after the three one-minute periods was used as a 
measure of shifting (Paula et al., 2015). Verbal fluency is not often used 
as a measure of shifting, however, recent research showed performance 
on the F, A, S verbal fluency test significantly correlated with the shifting 
attention test (r = 0.23; Aita et al., 2019). 

2.2.3. Inhibition measures 
Inhibition refers to the inhibiting automatic responses and resisting 

distraction from irrelevant stimuli (Miyake et al., 2000). Inhibition was 
measured with three measures: Stroop test, stop-signal task, and con-
tingency naming test. 

2.2.3.1. Stroop test. This study used a computerised version of the 
Victoria Stroop Test, which included three cards (one for each trial) each 
with twenty-four stimuli arranged in a 6 × 4 matrix (Strauss et al., 
2006). The stimuli were presented in one of four colours: blue, green, 
red or yellow. In Trial 1, coloured rectangles were presented, and in 
Trial 2, the rectangles were replaced with simple words (e.g., hard, 
when), and in Trial 3, colour-words were presented (e.g., blue, green, 
red or yellow) in an incongruent colour (e.g., “blue” written in red ink). 
In each trial, starting with the top row and working from left to right, 
participants were asked to name the colour of the stimuli as quickly as 
possible. Trial 3 assesses participants' ability to supress a habitual 
response (i.e., reading the colour word) and produce a less familiar one 
(i.e., naming the incongruent colour) while simultaneously inhibiting 
potential distractions from adjacent items. Therefore, a measure of in-
hibition control was ascertained by calculating the ratio between the 
time to complete Trial 3 and time to complete Trial 2. 

2.2.3.2. Stop-signal task (SST). The SST consisted of one practice block 
of 20 trials (5 stop-signal trials; 15 no-signal trials = 1:3 ratio), and three 
blocks of 68 trials (17 stop-signal trials; 51 no-signal trials = 1:3 ratio). 
At the beginning of each trial a fixation point is presented at the centre of 
the screen. During no-signal trials, the fixation point is followed by an 
arrowhead (left or right) and participants were tasked with pressing “D” 
for left arrowheads and “K” for right arrowheads on the keyboard as 
quickly as possible. Stop-signal trials followed a similar procedure 

Table 3 
Psychometric properties of EF measures used in the current study.  

EF 
Measure 

Validity Reliability 

Digit Span Moderate correlations with other measures of working memory: Brown-Peterson task (r =
0.41; Geurten et al., 2016) and Digit Symbol test (r = 0.32; Woods et al., 2011). 

Strong test-retest reliability (r = 0.64–0.84; Woods et al., 2011). 

N-Back Correlated with change detection task used to assess working memory capacity (r = 0.40;  
Frost et al., 2021). Spatial n-back showed factor loadings >0.50 with other updating 
measures (Friedman et al., 2016). 

Strong test-retest reliability (r = 0.79; Soveri et al., 2018). 

Keep Track Factor loadings >0.50 with other measures of updating (Friedman et al., 2016). Sound internal consistency (a = 0.65; Friedman et al., 2016) and odd- 
even reliability (r = 0.60; Ito et al., 2015). 

CST Factor loadings >0.50 with other measures of shifting (Friedman et al., 2016).a Sound split-half reliability (r = 0.85; Friedman et al., 2016) and odd- 
even reliability (r = 0.88; Ito et al., 2015). 

MCST Correlations with other shifting measures ranging between r = 0.13–0.36 (Lineweaver 
et al., 1999). WCST showed factor loading of 0.50 with other shifting measures (Hedden & 
Yoon, 2006). 

Sound test-retest reliability (r = 0.64; Kopp et al., 2019b) and split half 
reliability r > 0.90 (Kopp et al., 2019a). 

Verbal 
Fluency 

Factor loading of 0.50 with the trail making test (Lehto et al., 2003), and significantly 
correlated with the Wisconsin card sorting task (r = 0.22; Brydges et al., 2012). 

Sound test-retest reliability of (r = 0.74) and internal consistency (α 
=0.83; Tombaugh et al., 1999). 

EF 
Measure 

Validity Reliability 

Stroop Weak relationship observed with the ReacStick test of behaviour inhibition (r = 0.20; van 
Schooten et al., 2019).b 

High test-retest reliability coefficients for all three parts of the test (r =
0.90, r = 0.83, r = 0.91; Strauss et al., 2006). 

SST Factor loading of 0.50 with other measures of inhibition (Gunten et al., 2020). Sound split-half reliability (r = 0.97; Gunten et al., 2020) 
CNT Factor loadings >0.40 with other measures of inhibition (Riddle & Suhr, 2012; Testa et al., 

2012). 
Moderate to strong test-retest correlations for completion time on all 
trials (r = 0.82, r = 0.62, r = 0.46, and r = 0.59; Riddle & Suhr, 2012).c 

Notes. CNT = Contingency naming test; CST = Colour-shape task; EF = Executive function; MCST = Modified card sorting task; SST = Stop-signal time; Wisconsin card 
sorting task. 

a Other measures of shifting only include other task-switching paradigms. b To-date no study has investigated the relationship between Victoria Stroop test and other 
commonly administered inhibition measures. c Test-retest conducted over a two week period with only 26 participants. 
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except participants were required to cease any action if a signal beep was 
played after the presentation of the arrow. The delay between the pre-
sentation of the arrow and signal beep on stop-signal trials started at 
250 ms and would increase or decrease by 50 ms, to a maximum delay of 
1150 ms or minimum delay of 50 ms, for each unsuccessful and suc-
cessful stop-signal trial, respectively. An estimated stop-signal reaction 
time (SSRT) was calculated using the new integration method shown to 
produce the most reliable and least biased result (Verbruggen et al., 
2019). 

2.2.3.3. Contingency naming test (CNT). This study's computerised CNT 
consisted of four trials where participants were presented with a card on 
screen containing 27 items arranged in a 3 × 9 matrix. Each item 
comprises of an outer shape (circle, square, or triangle) and inner shape 
(circle, square, or triangle), coloured in either: blue, green, or pink. In 
Trial 1, participants were tasked with naming the colour of each item, 
and in Trial 2, participants were asked to name the outer shape. In Trial 
3, participants were tasked with naming the colour of the item when the 
inner and outer shapes are congruent, otherwise they named the outer 
shape. Lastly, Trial 4 maintains the same naming rule as Trial 3, 
although when an arrow was presented above an item the rule was 
reversed (Anderson et al., 2000). A practice trial using a nine-item card 
was completed before each of the four experimental trials. A measure of 
inhibition control was ascertained by summing the efficiency score for 
Trial 3 and 4. The efficiency score takes into account completion time 
and number of errors (calculated using the formula [(1/time) / 
√(errors+1)] x 100; see Anderson et al., 2000). Trials 1 and 2 assess 
non-executive cognitive abilities such as general processing speed, 
whereas Trials 3 and 4 involve more complex naming rules requiring 
individuals to supress previously learned rules and produce a less 
familiar response. Therefore, a greater efficiency score on Trial 3 and 4 
indicates superior inhibition control (Riddle & Suhr, 2012). 

2.3. Procedure 

The current study received ethics approval from the relevant Human 
Research Ethics Committee. An online meeting over Zoom® was ar-
ranged via email with each participant. Upon meeting online, partici-
pants verbally confirmed informed consent and then completed tests of 
updating (digit span, n-back, keep track), shifting (CST, MCST, verbal 
fluency) and inhibition (Stroop, SST, CNT). All computerised tests (n- 
back, keep track, CST, MCST, Stroop, SST, and CNT) were accessed 
through Inquisit® (a web-based program which hosts cognitive tests) 
links provided during the meeting and were required to share screen. 
The EF testing session took approximately 90 min to complete with two 
five-minute breaks imbedded into the testing session. Lastly, the EF tests 
were counterbalanced, with participants completing the tests in one of 
three predetermined orders. 

2.4. Statistical design 

Test performance data was imputed, cleaned, and analysed using 
IBM® SPSS® Statistics Version 27. Preliminary analyses involved 
obtaining descriptive statistics and Pearson's correlations for each var-
iable assessed. 

The primary analyses involved replicating the three-factor and 
nested-factor models of the unity/Diversity framework using CFA with 
Amos® Version 25. During data screening, values beyond three standard 
deviations from the mean were replaced with values three standard 
deviations from the mean for each variable to minimise the effect of 
outliers. This was the same procedure for handling outliers that was used 
by Friedman et al. (2008). Secondly, two participants were removed for 
failing to complete all cognitive tests. A further eight participants were 
removed for average reaction times slower than 2000 ms or faster than 
200 ms on the CST as this jeopardises the switch cost calculation (Sicard 

et al., 2022). Lastly, another 12 participants were removed for either 
violating the deviation assumption (i.e., accuracy on stop-signal trials 
deviated beyond 25 %–75 %) or the race model assumption (i.e., stop- 
signal trials reaction time is greater than reaction time on non-stop- 
signal trials) on the SST (Verbruggen et al., 2019). After these de-
letions an adequately powered sample of 134 participants was retained, 
based on a set of Monte Carlo studies (i.e., computational experiments 
based on random sampling), which recommended 5–10 participants per 
parameter when conducting factor analysis (Hair et al., 2014; Kline, 
2015). All continuous variables were normally distributed, with skew-
ness and kurtosis values between − 3 and 3 (Field, 2018). Therefore, 
multivariate normality was assumed, as the combination of univariate 
normally distributed variables often result in a multivariate normal 
distribution (Brereton, 2015). 

Following the CFA, in order to examine the relationships between 
variables with fewer restrictions imposed, a principal axis factor analysis 
with direct oblimin rotation was performed using IBM® SPSS® Statistics 
Version 27. Direct oblimin rotation attempts to extrapolate the smallest 
number of factors with the highest correlations between variables and 
their respective factors whilst allowing for factors to correlate (Costello 
& Osborne, 2005). This form of rotation was selected as covariance 
between latent EF factors is commonly reported (Miyake et al., 2000). 
The KMO statistic verified the sampling adequacy for the analysis dis-
playing a value beyond the acceptable limit of 0.5 (KMO = 0.673; Kai-
ser, 1974). Furthermore, Bartlett’s test of sphericity was significant χ2 
(36) = 101.426, p < .001, supporting the factorability of the correlation 
matrix. 

3. Results 

Preliminary analysis obtained the descriptive statistics and Pearson's 
correlation for variables assessed in the current study. Results are pre-
sented in Table 4. 

3.1. Confirmatory factor analysis 

The results of the CFA show that the three-factor yielded unsatis-
factory levels of fit, χ2(26) = 49.918, p = .003 only accounting for a total 
of 18.867 % of the variance, indicating that the predicted covariance 
matrices significantly deviated from the observed data. Conversely, the 
nested-factor models showed appropriate levels of fit, χ2(24) = 36.360, 
p = .051 accounting for a total of 30.067 % of the variance, meaning that 
the predicted covariance matrix did not significantly deviate from the 
observed data. Further goodness-of-fit-indices for each model are pre-
sented in Table 5. 

As shown in Table 5 fit indices from both models failed to surpass the 
recommended cut of values. This indicates considerable discrepancy 
between the hypothesised models and the observed data (e.g., TLI <
0.90), and greater than acceptable standardised residuals between the 
hypothesised and observed covariance matrices (e.g., SRMR>0.08). The 
nested factor model did show one fit index within the recommended 
limit, as the RMSEA value was below 0.08. Therefore, when accounting 
for degrees of freedom, there were acceptable levels of discrepancy 
between hypothesised and observed covariance matrices. Figs. 3 and 4 
present the path diagram for the three-factor and nested-factor models. 

Factor loadings for the two models were mostly below 0.50. The 
three-factor model produced positive, significant loadings (p < .05) for 
the updating tasks. The shifting and inhibition factors failed to produce 
significant task loadings. The nested factor model weakened the load-
ings on the updating factor. The shifting factor still resulted in non- 
significant task loadings. The n-back, digit span, keep track, and ver-
bal fluency were the only tasks to significantly load onto the common EF 
factor. Overall, the three-factor and nested-factor models showed poor 
levels of fit, and the shifting and inhibition tasks did not share enough 
variance to establish a latent factor. 
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3.2. Exploratory factor analysis 

The CFAs were unable to demonstrate support for the three-factor or 
nested-factor model of the Unity/Diversity framework. Therefore, to 
continue the investigation of the underlying cognitive abilities being 
examined by the nine EF measures an EFA was conducted. The EFA 
produced a three-factor solution (eigen values > 1) accounting for a 
total of 50.852 % of the variance in the relationships amongst EF mea-
sures. Table 6 presents the factor loadings after varimax rotation. Factor 

1 comprised of five measures digit span, n-back, keep track, CNT, and 
verbal fluency and accounted for 23.52 % of the variance. Factor 2 
comprised of three measures MCST, CST, and SST and accounted for 
15.37 % of the variance. Lastly, factor 3 comprised solely of the Stroop 
and accounted for 11.96 % of the variance. 

Table 7 presents the correlation matrix for the identified factors 
following the EFA. Results showed negligible to small correlations be-
tween the three factors despite conducting an oblique rotation method. 

4. Discussion 

The current study aimed to re-evaluate the unity/diversity frame-
work (Miyake et al., 2000) utilising EF tasks with sound psychometric 
properties and which purport to assess similar cognitive constructs, 
while remaining procedurally distinct. Despite being the most refer-
enced conceptualisation of EF, the current study was unable to replicate 
either the unity/diversity three-factor or the nested-factor model, with 
both models displaying unsatisfactory levels of fit. Instead, using EFA 
the current study supported an alternative three-factor model containing 
an expanded working memory factor (Factor 1), a merged inhibition and 
shifting factor potentially reflecting cognitive flexibility (Factor 2), and 
an isolated Stroop factor (Factor 3). 

The results of our CFAs conflicted with some previous research that 
successfully replicated the unity/diversity model in adolescents (Lee 
et al., 2013; Xu et al., 2013) and adults (Fournier-Vicente et al., 2008; Ito 
et al., 2015; Klauer et al., 2010). However, similar to previous research, 
the current study demonstrated strong factor loadings for the updating 
latent variable. Keep track has been frequently used in the previous 
literature, whereas digit span and traditional n-back have been less 
commonly used when constructing the updating factor. Regardless, 
updating measures are uniformly operationalised, with participants 
required to continuously update working memory with newly identified 
task relevant information, and scored based on the accuracy of their 
performance (Friedman et al., 2008; Jaeggi et al., 2010a; Redick & 
Lindsey, 2013). Therefore, the shared variance observed in performance 
on keep track, digit span, and the n-back supports a robust updating 
construct. 

Where the current study diverges from the aforementioned studies is 
in the findings relating to shifting and inhibition, as no latent factors 
could be formed. Previous studies which uncovered a shifting factor, 
similar to Miyake et al. (2000), extensively relied on utilising three 
procedurally similar measures of task switching (Fleming et al., 2016; 
Fournier-Vicente et al., 2008; Friedman et al., 2011, 2016; Lee et al., 
2013; Xu et al., 2013). For example, the colour-shape, picture-symbol, 
category switch, and number-letter tasks are all task switching para-
digms which involve dichotomous responses where participants alter-
nate between focusing on one of two stimuli characteristics (e.g., letter 
or number, colour or shape; Friedman et al., 2011, 2016). By exclusively 
using identical task switching paradigms with switch cost as their 

Table 4 
Descriptive statistics and correlations for EF measures used in the current study (N = 134).  

EF measure Outcome measure M(SD) 1. 2. 3. 4. 5. 6. 7. 8. 9. 

1. N-back Average hits minus false alarms 2.14(1.12) – 0.425** 0.231** − 0.047 0.311** 0.148 0.073 0.008 0.275** 
2. Digitspan backwards Total correctly recalled trials 6.98(2.05)  – 0.266** 0.010 0.295** 0.097 0.140 − 0.031 0.188* 
3.Keep track Total correctly recalled words 24.78(3.67)   – − 0.045 0.198* 0.010 − 0.016 0.024 0.262** 
4. MCST Total perseverative errors 7.46(6.68)    – − 0.015 0.132 0.045 0.072 − 0.147 
5. Verbal fluency Total unique words 42.18(10.23)     – 0.105 0.209* − 0.114 0.162 
6. CST Switch cost 212.93(176.23)      – 0.172* 0.051 − 0.116 
7. SST Integration method: SSRT 177.28(68.03)       – 0.063 − 0.030 
8. Stroop Trial 3: Trial 2 RT 1.37(0.23)        – 0.041 
9. CNT Trial 3 + 4 efficiency score 3.92(1.04)         – 

Notes. CNT = Contingency naming test; CST = Colour-shape task; EF = Executive function; M = Mean; MCST = Modified card sorting task; RT = Reaction time; 
SD=Standard deviation; SSRT = Stop-signal reaction time; SST = Stop-signal task. 

* Significant at 0.05. 
** Significant at 0.01. 

Table 5 
CFA fit indices for the three-factor and nested-factor models (N = 134).  

Fit 
Statistic 

Three-factor 
Model 

Nested Factor 
Model 

Recommended Cut off 
Value 

AGFI  0.859  0.893  ≥0.90 
SRMR  0.103  0.086  <0.08 
CFI  0.651  0.819  ≥0.90 
TLI  0.516  0.729  ≥ 0.95 
RMSEA  0.083  0.062a  < 0.08 

Notes. AGFI = Adjusted goodness of fit; SRMR = standardised root mean-squared 
residual; CFI = Comparative Fit Index; RMSEA = root mean square error of 
approximation; TLI = Tuker Lewis index. 

a Within recommended cut off value based on Kline (2015). 

Fig. 3. Path Diagram from CFA of the three-factor model. 
Notes. CNT = Contingency naming test; CST = Colour-Shape task; DB = Dig-
itspan backwards; MCST = Modified card sorting task; SST = Signal-stop task. 
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common dependent variable, the shifting factor discovered in previous 
research may not be a true reflection of shifting attention between tasks 
and adjusting to rule changes, but instead may also reflect a specific 
procedural/fine motor skills (i.e., the ability to alternate keyboard 
presses in response to simplistic stimuli) or shared variance from an 
undesired cognitive ability central to task switching (e.g., processing 
speed, or inhibition from ignoring unnecessary task information; von 
Bastian et al., 2020; Yu et al., 2017). 

The current study sought to compensate for these limitations and 
build a latent shifting factor by utilising the CST, used by Miyake et al. 

(2000), and two other procedurally distinct tasks that share a shifting 
element. The MCST is considered a measure of shifting as it requires 
participants to adapt to rule changes based on response feedback 
without being significantly influenced by participants' processing speed 
(Kopp et al., 2019b), and verbal fluency assesses participants ability to 
flexibility generate novel words and switch retrieval strategies to avoid 
repetitive ideas without the need to inhibit competing task rules (Aita 
et al., 2019; Paula et al., 2015). The inclusion of the MCST and verbal 
fluency in our shifting factor minimises the likelihood that the latent 
factor would represent other distinctive non-shifting cognitive abilities 
due to distinct task mechanisms. However, despite the theoretical sim-
ilarities between the shifting measures selected, the current study was 
only capable of constructing a shifting factor with weak factor loadings. 
It is possible that the weak loadings were due to task impurity with 
shifting ability only contributing a small amount to performance on the 
three task and other unique task-specific factors accounting for the 
remaining unshared variance. Similarly, previous research has not al-
ways successfully replicated the shifting factor. When three identical 
task switching paradigms were not selected as measures of shifting, 
these studies favoured a two-factor model with shifting and inhibition 
merged into a single factor (Adrover-Roig et al., 2012; Bettcher et al., 
2016; Brocki & Tillman, 2014; Brydges et al., 2012; Hull et al., 2008; 
Lehto et al., 2003; Monette et al., 2015; Usai et al., 2014). Therefore, the 
shifting factor constructed using task switching paradigms with over-
lapping procedures are more likely to be representative of task-specific 
variance, rather than shifting as a general cognitive construct. 

The inhibition latent factor in the current study also failed to hold, 
however unlike the shifting factor which displayed weak factor loadings, 
the Stroop, SST, and CNT as shown in Table 4 shared negligible re-
lationships with each other. Historically, the inhibition factor has always 
demonstrated the weakest factor loadings (Brydges et al., 2012; Hedden 
& Yoon, 2006; Hull et al., 2008; Rey-Mermet et al., 2019). Prior to the 
nested-factor model, studies supporting the three-factor model have 
successfully constructed an inhibition factor utilising the antisaccade 
task (Fleming et al., 2016; Friedman et al., 2011, 2016; Ito et al., 2015; 

Fig. 4. Path Diagram from CFA of the nested-factor model. 
Notes. CNT = Contingency naming test; CST = Colour-Shape task; DB = Digitspan backwards; MCST = Modified card sorting task; SST = Signal-stop task. 

Table 6 
Rotated pattern matrix loading of factors extracted by EFA (N = 134).  

EF measure Factor loadings 

Factor 1 Factor 2 Factor 3 

Nback  0.705  0.155  − 0.041 
DB  0.651  0.221  − 0.108 
Keep Track  0.639  − 0.135  0.151 
Verbal Fluency  0.487  0.267  − 0.401 
CNT  0.650  − 0.379  0.154 
MCST  − 0.147  0.513  0.282 
CST  0.049  0.689  0.053 
SST  0.098  0.589  − 0.099 
Stroop  0.151  0.165  0.893 

Notes. CNT = Contingency naming test; CST = Colour-Shape task; DB = Digit-
span backwards; MCST = Modified card sorting task; SST = Signal-stop task. 

Table 7 
Component Correlation Matrix of Factors Extracted by EFA.  

Factor 1 2 3 

1 – 0.038 − 0.110 
2  – − 0.058 
3   –  
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Klauer et al., 2010; Miyake et al., 2000) or flanker task (Bettcher et al., 
2016; Lee et al., 2013). Critically, in recent investigations, these two 
tasks have shown stronger reliability properties than other inhibition 
measures (e.g., Stroop and SST; von Bastian et al., 2020). However, 
researchers have been questioning their construct validity as perfor-
mance on the antisaccade and flanker tasks conflate inhibition control 
with other cognitive abilities (Hedge et al., 2018; Rey-Mermet et al., 
2019; Rouder & Haaf, 2019). For example, unlike the Stroop or SST, the 
antisaccade and flanker tasks require the inhibition of environmental 
distractors rather than inhibiting a well learned habit (von Bastian et al., 
2020). Therefore, it has been theorised that these tasks should primarily 
be considered as measures of attentional focus/sustained attention, with 
the inhibition component merely an incidental consequence of atten-
tional fixation on the task goal (Hutton & Ettinger, 2006; White et al., 
2011). Supportively, a cognitive control composite score constructed 
using the antisaccade and flanker task scores has been shown to signif-
icantly correlate with performance on the d2 test of attention (r = 0.38), 
which is widely considered a sustained attention task (Pahor et al., 
2022). 

The current study sought to address criticisms of inhibition measures 
outlined in recent publications (Draheim et al., 2021; Hedge et al., 2018; 
Rey-Mermet et al., 2019; Rouder & Haaf, 2019; von Bastian et al., 2020) 
by selecting task with demonstrated psychometric properties and are not 
subject to speed-accuracy trade-offs. The Victoria Stroop test was used as 
it has shown strong reliability properties (Strauss et al., 2006) and errors 
contribute to overall reaction time as participants are required to correct 
them. Additionally, the SST was used in the current study as it assesses 
an important inhibition mechanism through complete task interruption 
(von Bastian et al., 2020), however, the novel integration method of 
scoring (Verbruggen et al., 2019) was utilised over the mean estimation 
method used by Miyake et al. (2000). The integration method provides a 
more reliable assessment of participants' inhibition abilities as it is less 
biased by positive skews in their reaction time due to proportionally 
delayed responses (see Verbruggen et al., 2019). Lastly, the CNT was 
used as this task includes a dedicated inhibition score incorporating both 
participants' accuracy and speed, reflecting their capacity to supress 
previously learned rules to produce a less familiar response (Anderson 
et al., 2000; Riddle & Suhr, 2012). Despite these changes in task selec-
tion, the current study failed to construct a latent inhibition factor. 

Currently, there is ongoing debate as to whether inhibition control is 
a unitary construct reflecting active maintenance of a goal whilst 
ignoring unnecessary information (Draheim et al., 2021; Hedge et al., 
2018; von Bastian et al., 2020), or a multidimensional construct divided 
by task specific characteristics (e.g., mechanisms of the task, or type of 
distractors presented; Rey-Mermet et al., 2019; Rouder & Haaf, 2019; 
von Bastian et al., 2020). Indeed, the evidence from the current study 
lends credence to the argument that there are multiple task specific in-
hibition factors with unique learning processes, rather than a general 
inhibition control factor given the lack of relationships observed be-
tween the inhibition measures selected. 

Miyake and colleagues supported the unitary view of inhibition 
control, eventually abandoning the inhibition factor in favour of a nes-
ted common EF factor (Friedman & Miyake, 2017). The common EF 
factor accounted for the shared variance between all nine EF measures 
and completely subsumed the inhibition factor. Miyake and Friedman 
(2012) theorised that inhibition measures are separated by task-specific 
mechanisms but are partially related due to a unitary cognitive construct 
that is represented in all EF tasks, the ability to control attention and bias 
cognitive operations towards a particular goal. In contrast, the current 
study did not support the nested-factor model which failed to achieve 
satisfactory levels of fit. These findings contradict previous research that 
showed support for this model (Fleming et al., 2016; Ito et al., 2015; 
Miyake & Friedman, 2012), however are in-line Karr et al.' (2018) sys-
tematic review that showed low rates of model acceptance for both the 
nested-factor and three-factor models across the literature. It is possible 
that satisfactory levels of fit for the common EF factor achieved in 

previous research was due to the use of reaction time as the scoring unit 
for most of the tasks selected (e.g., task-switching paradigms, Stroop, 
SST, go/no-go, and antisaccade). Reaction time scores are typically 
influenced by non-executive processes (e.g., general processing speed; 
Jurado & Rosselli, 2007), meaning that the common EF factor may have 
inadvertently reflected these processes (i.e., processing speed) rather 
than capacity to carry out goal-directed behaviour. The nested-factor 
model ultimately shares the same limitations outlined above for the 
three-factor model: (1) selecting shifting measures with overlapping 
task-switching paradigms, and (2) selecting inhibition measures with 
questionable psychometric properties. Despite attempts to address these 
issues in the current study, neither the three-factor model nor nested- 
factor model achieved satisfactory levels of fit. 

The EFA in the current study successfully identified three uncorre-
lated factors. Whilst the model only accounted for half of the variance 
amongst the EF measures, it is important to emphasise that the complex 
nature of EF makes it difficult to isolate specific cognitive operations, 
which causes difficulties in measurement related to task impurity. EF 
tasks are often influenced by numerous lower-order cognitive abilities as 
well as other higher-order executive abilities, which can undermine 
relationships between measures (Hughes & Graham, 2002; Jurado & 
Rosselli, 2007; Miyake et al., 2000). Subsequently, the 50 % of variance 
accounted for by the EFA is considerable, especially considering the 
distinct procedures of the EF measures selected. 

The first factor encompassed all three updating measures (i.e., keep 
track, DB, and n-back), along with verbal fluency and CNT, and likely 
represents a working memory factor. Working memory refers to a 
cognitive system involved in temporarily storing information for oper-
ation and manipulation (Baddeley & Hitch, 1974). Updating, while 
often used synonymously with working memory within EF literature, 
specifically refers to an individual's capacity to monitor and change the 
content of their working memory (Miyake et al., 2000; Packwood et al., 
2011). It is unsurprising that the keep track, DB, and n-back loaded 
together, as this has been well supported in previous literature and all 
tasks involve rapidly updating the content of working memory to 
include new information from an ongoing list of stimuli (Hull et al., 
2008; Ito et al., 2015; Klauer et al., 2010; Lee et al., 2013; Miyake et al., 
2000; Xu et al., 2013). Successful performance on the Verbal fluency and 
CNT tasks is less dominated by the need to continuously update the 
contents of working memory, but nonetheless both tasks arguably have a 
strong working memory component as they require participants to 
mentally retain task rules while behaving in a goal directed manner. For 
example, during verbal fluency participants are required to mentally 
monitor the list of words they have provided against the list of task rules 
(e.g., don’t use the same word more than once) in order to avoid errors 
(e.g., perseveration), at the same time as trying to retrieve further 
possible words. This is supported by previous research which showed 
superior working memory capacity was associated with improved per-
formance on verbal fluency measures (Bittner & Crowe, 2007; Hedden & 
Yoon, 2006). Similarly, during the last two trials of the CNT participants 
are provided with multi-staged naming rules that they must mentally 
retain while completing the task. This likely engages considerable 
cognitive resources associated with their working memory capacity 
(Riddle & Suhr, 2012). Therefore, a working memory factor was iden-
tified with moderate to strong loadings from five out of nine tasks 
administered. 

Factor 2 was determined to represent a broader cognitive flexibility 
construct, merging shifting tasks (i.e., CST and MCST) and inhibition 
tasks (i.e., SST and CNT). Shifting, as measured by task-switching par-
adigms (e.g., CST), only represents a singular component (i.e., subcat-
egory) of the cognitive flexibility construct, being the ability to 
reallocate attention in response to environmental change. Cognitive 
flexibility refers to our ability to adapt thought patterns and behaviours 
in response to environmental changes (Diamond, 2013). Cognitive 
flexibility likely operates as a higher-order domain-general construct 
that is impossible to capture in a single score as the construct is 
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foreseeably comprised of multiple lower-order task specific factors (see 
von Bastian et al., 2020 discussion on attentional control). All four tasks 
that loaded onto factor 2 appear to share two key task specific factors 
that are essential to adaptation in response to environmental change (i. 
e., cognitive flexibility). Firstly, attentional filtering, that is dealing with 
perceptual distractor interference through ignoring irrelevant/distract-
ing information; and secondly, changing task representation, during 
certain trials participants were required to adjust their responses to 
accommodate changing task rules (von Bastian et al., 2020). 

For the CST participants are required to filter out either the colour or 
shape of the stimuli presented based on an initial cue, and then break 
responding habits by adapting their response accordingly to either 
colour or shape (Miyake et al., 2000). In the MCST participants first 
isolate the card characteristic that aligns with the current sorting rule, 
ignoring other unnecessary characteristics, then must change their 
sorting rule after repeated successful trials (Nelson, 1976). During the 
SST, participants respond with either the left or right arrow key 
depending on the arrowhead presented, however when the stop signal is 
heard they must filter out the arrowhead and adjust their typical re-
sponses to no response (Verbruggen et al., 2019). Lastly, successful 
performance on the CNT requires filtering out unnecessary information 
(e.g., isolating the colour or shape of the object), and alternating be-
tween naming the shape or colour depending on the naming rule of each 
trial (Anderson et al., 2000). Notably, the CNT moderately loaded onto 
factor 2 despite strongly loading on factor 1. The CNT clearly contains a 
working memory component involved in mentally maintaining the 
multifaceted naming rule, however, these results show that cognitive 
flexibility is also instrumental to successful performance. 

Lastly, factor 3 only contained a strong loading from the Stroop task 
and moderate loading from verbal fluency. The selection of the Victoria 
Stroop task was intended to alleviate the limitations of previous Stroop 
tasks (e.g., poor reliability and scores influenced by speed-accuracy 
trade-offs), which diminished its relationship with other measures 
(Guye & von Bastian, 2017; Rey-Mermet et al., 2019; Rouder & Haaf, 
2019). Further, the Victoria Stroop did not load onto factor 2 despite the 
similar feature of filtering out distracting information based on habits (i. 
e., automatic reading response; von Bastian et al., 2020) shared with 
other tasks that loaded onto this factor (e.g., SST and CNT). Draheim 
et al. (2021) identified improved reliability characteristics and stronger 
relationships between the Stroop and other inhibition measures when 
accuracy differences rather than reaction time were used to score this 
task. Problematically, only 12 % of the sample in the current study 
performed an error on the Victoria Stroop, preventing accuracy from 
being used to construct inhibition scores. 

It is unlikely that the Stroop represents an entirely distinct cognitive 
construct compared to the other tasks used in the current study as pre-
vious research has supported the Stroop as a measure of inhibition 
(Draheim et al., 2021; Gunten et al., 2020; Hedge et al., 2018). One 
possibility that may account for the current results is that the reaction 
time differences between the congruent and incongruent conditions of 
the Stroop, which are used to calculate the primary inhibition score, 
often display a small effect size (Rey-Mermet et al., 2019). Subsequently, 
Stroop inhibition scores may be unable to reliably rank-order in-
dividuals when accounting for other individual differences (e.g., pro-
cessing speed) resulting in the sample variance being more indicative of 
error variance rather than differences in inhibition abilities. This may 
explain why Testa et al. (2012) who conducted an EFA on 19 EF mea-
sures showed that the Stroop loaded with completion time of trials 1 and 
2 of the CNT, which are measures of general processing speed and not 
executive functioning (Anderson et al., 2000). This would also explain 
why verbal fluency moderately loaded onto this factor with the Stroop, 
as processing speed and the ability to verbalize responses quickly would 
contribute to successful performance for both tasks. Furthermore, both 
verbal fluency and the Stroop share a similar inhibitory component of 
supressing inappropriate verbal responses (Periáñez et al., 2021), in the 
case of the Stroop inhibiting the written colour word, whereas for verbal 

fluency inhibiting words that were already said. 
Findings from previous lesion and neuroimaging studies shed further 

light on the two factors identified by the current study: working memory 
and cognitive flexibility. Whilst, to date no clear double dissociation has 
been demonstrated between EFs due to the highly integrative neural 
network of the frontal lobes (Fuster, 2015), some patterns are beginning 
to emerge. Firstly, compared to any other brain region the dorsolateral 
prefrontal cortex (DLPFC) is most associated with executive functioning 
(Fuster, 2015; Jones et al., 2012). Meta-analyses of lesion and neuro-
imaging studies have commonly implicated the large DLPFC in perfor-
mance on EF measures (Alvarez & Emory, 2006; Ardila et al., 2018; 
Collette et al., 2006; Lee et al., 2017; Niendam et al., 2012; Nitschke 
et al., 2017). However, Stuss (2011) postulated that the dorsal regions 
appear to be more strongly associated with working memory, whereas 
the lateral regions are associated with cognitive flexibility. 

The dorsal regions are notably involved in both spatial and verbal 
working memory (Crottaz-Herbette et al., 2004; Curtis, 2006; Nar-
ayanan et al., 2005; Ricciardi et al., 2006). Damage to the DLPFC has 
resulted in significantly worse performance on the n-back task for 3-back 
trials which require a higher degree of working memory, whereas per-
formance on the 1- or 2-back trials – which have a lower cognitive load – 
was not significantly impaired (Barbey et al., 2013). Conversely, damage 
to lateral regions of the prefrontal cortex (PFC) resulted in significant 
impaired performance on a variety of cognitive flexibility measures 
(Cipolotti et al., 2016; Picton et al., 2007). Supportively, Tsuchida and 
Fellows (2013) compared 50 patients with PFC damage and 50 healthy 
controls and found damage to the lateral PFC regions was associated 
with impaired performance on both a Stroop task and task-switching 
paradigm. This finding highlighted that shifting and inhibition may 
rely on a similar neural network, and tentatively supports the current 
study's umbrella conceptualisation of cognitive flexibility. The potential 
double dissociation identified in these lesion and neuroimaging studies 
loosely supports the two factors identified in the current study. How-
ever, it is quite clear that successful executive functioning is dependent 
on an intact PFC as the various EFs operate in tandem to produce goal- 
directed behaviour (Fuster, 2015; Stuss, 2011), which supports the dual 
loadings of the CNT and verbal fluency. 

The findings of both studies need to be interpreted considering some 
limitations. Sample size has often been criticised in studies conducting 
factor analysis. The current study recruited a sample comparable to 
other published studies investigating the factor structure of EF measures 
(Miyake et al., 2000; Testa et al., 2012) and in accordance with re-
quirements outlines by factor analysis experts (Kline, 2015). However, it 
is important to note that a larger sample could have elucidated the re-
lationships between measures more effectively (Karr et al., 2018). 
Beyond a larger sample, future researchers might also benefit from 
increasing the number of EF tasks administered to increase precision in 
the factors identified (Marsh et al., 1998), and to include higher-order 
cognitive abilities that have been overlooked (e.g., decision-making, 
strategic retrieval, planning; Karr et al., 2018) allowing for alternative 
conceptualisations of EF. Another potential limitation of the current 
study was that EF tests were administered over an online Zoom meeting 
due to COVID-19 pandemic restrictions, however the administration 
procedures for all measures were standardised across participants. It is 
unclear if online delivery may have impacted participant performance 
on the tasks. Regardless, it is important to note this procedural contrast 
with previous research. The unity/diversity framework has been 
consistently studied across all age groups, with one- and two-factor 
models showing better fit on child and older adult samples (Bettcher 
et al., 2016; Fournier-vicente et al., 2008; Hedden & Yoon, 2006; Ito 
et al., 2015; Lee et al., 2013; Wiebe et al., 2008, 2011; Xu et al., 2013). 
The findings of the current study exclusively focused on adults and ob-
tained a primarily young adult sample. Further research is needed to re- 
evaluate the unity/diversity framework in younger and older samples. 
Additionally, middle-aged adults remain an understudied sample in EF 
research due to recruitment difficulties (Karr et al., 2018), and thus it 
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remains unknown how or if the organisation of EF differs between 
younger and middle-aged adults, similar to the differences reported 
between younger and older adults (de Frias et al., 2009; Hedden & Yoon, 
2006). 

In conclusion, the findings of the current study failed to support the 
unity/diversity framework. Contrary to its intention, the unity/diversity 
framework is more representative of task-specific variance and does not 
seem to capture the theorised ‘core’ EFs. The three-factor and nested- 
factor models appear to only hold in specific conditions utilising care-
fully selected tasks with considerable procedural overlap. It might be 
tempting to attribute this finding solely to task impurity, however the 
results of the EFA provided contrary evidence. Over half of the variance 
was accounted for from nine procedurally distinct EF measures, with 
three factors identified: a working memory factor, cognitive flexibility 
factor, and a final factor which only encompassed the Stroop test. 
Crucially, our factors are not reflective of overlapping scoring methods 
or procedures, as both factors include a mixture of accuracy-based, time- 
based, and error-based scores. This further supports the notion that the 
identified factors tapped into an underlying cognitive construct. How-
ever, it is important to consider that some of the EF tasks (e.g., verbal 
fluency, and CNT) moderately loaded across two factors. This illustrates 
the difficulty of mapping a single cognitive ability to EF tasks as they are 
inherently designed to be complex to assess higher order cognitive 
functions, thereby resulting in task impurity (Hughes & Graham, 2002; 
Jurado & Rosselli, 2007). 

Our EFA supported the validity of digit span, n-back, and keep track, 
while also demonstrating strong working memory components in verbal 
fluency and CNT. It is not surprising that working memory was found to 
be the most robust EF construct as it is amongst the most studied EF and 
is consistently well operationalised as it is arguably easier to isolate 
using statistical methods compared to other EFs (Diamond, 2013; 
Packwood et al., 2011). Crucially, the current study was unable to 
identify separate shifting or inhibition factors. Instead, the CST, MCST, 
SST, and CNT moderately-to-strongly loaded onto a single factor iden-
tified as a cognitive flexibility factor. Traditionally, cognitive flexibility 
has been viewed as an umbrella term that encompasses adaptive 
behaviour in pursuit of goal attainment, mentally maintaining multiple 
concepts simultaneously, and switching between different task rules 
(Diamond, 2013). Indeed, our study supports this conceptualisation of 
cognitive flexibility, however, also recognises there is considerable 
variance unaccounted for, presumably due to the distinct task mecha-
nisms across measures of shifting or inhibition. Similar to the attentional 
control models outlined by von Bastian et al. (2020), cognitive flexibility 
may operate as a higher-order factor that can be divided into lower- 
order factors representing task specific variance due to unique 
learning processes stemming from different task mechanics (e.g., 
attention filtering, inhibition, self-monitoring etc.). Therefore, selecting 
a single test to represent cognitive flexibility may not be feasible, and 
future researchers and clinicians should carefully consider their task- 
specific skills of interest when deciding which EF tasks to administer. 
Overall, researchers need to continue attempts to refine existing mea-
sures and models of EF to ensure they are capturing complex, goal- 
directed behaviour as it occurs in the real world. 
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