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A B S T R A C T

The role of executive function (EF) in expert sport performance has become a popular topic in sport and exercise 
psychology research. Research in this area often adopts the unity/diversity framework of EF (i.e., inhibition, 
shifting, and updating). However, recent investigations into the suitability of this unity/diversity model, and 
other competing models (e.g., the nested model of EF), has questioned whether this model is suitable for across 
all populations (e.g., athletes). The aim of the present study was to use confirmatory factor analysis to outline the 
most suitable EF model in a sample of athletes. In total, 131 participants with varying levels of athletic expertise 
completed two inhibition, shifting, and updating tasks. All analyses were performed in RStudio. The results 
revealed the nested model of EF provided the best fit to the data indicating its suitability for athletes. Acceptable 
fit was also found for the unity/diversity mode of EF. Overall, the results suggest that, despite recent criticism of 
the nested model and unity/diversity framework of EF, such structures appear to be suitable for use with athletic 
populations.

1. Introduction

Miyake and colleagues (2000) examined the distinctiveness of three 
widely accepted executive functions (EFs): inhibition, shifting, and 
updating. Miyake et al.’s (2000) seminal work demonstrated that these 
functions were related, but also distinct. While substantial correlations 
existed between the EFs, each also played a unique and individual role. 
As a result, inhibition, shifting and updating can collectively be referred 
to as the unity/diversity lower-order model of EF. This model has been 
used to better understand EF in a variety of populations, including 
athletes (e.g., Brimmell et al., 2021). However, recent work has ques-
tioned the accuracy of this lower-order model. Specifically, Sambol et al. 
(2023)outlined that a united, yet diverse, model structure for EF was not 
appropriate in their sample as factor analysis results suggested poor 
model fit (i.e., the unity/diversity structure did not replicate). The work 
of Sambol and colleagues (2023) raises questions about the EF model’s 
suitability and suggests further work is needed to understand whether 
such EF models are appropriate in the sport context.

1.1. Executive function and athletes

The three most popular lower-order EF comprise inhibition (i.e., 
withholding task-inappropriate responses), shifting (i.e., attentional 
switching between tasks or information), and updating (i.e., manipu-
lating content within working memory; Miyake et al., 2000). These EFs, 
among others, may be particularly pertinent for athletes. For example, 
sports that are open or externally paced (e.g., basketball and football) 
require athletes to respond to dynamic, rapidly changing environments, 
relying significantly on EF (Koch & Krenn, 2021). Take a basketball 
player in possession of the ball; they must coordinate their body and the 
ball, update positional information of teammates and opposition, and 
simultaneously make optimal situational decisions (e.g., pass, shoot, or 
dribble the ball). In such situations, athletes need to be both effective 
and efficient at inhibiting, shifting, and updating. Given the unique 
demands of sport and exercise it is possible that the dependence on EFs 
may differ between athletes and non-athletes (e.g., university student 
samples; Miyake et al., 2000) with several potentially differentiating 
factors previously outlined (e.g., sport type; Krenn et al., 2018, 
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expertise; Hagyard et al., 2021).
The EFs of inhibition, shifting, and updating are believed to be key 

attentional components of goal-directed behaviour (Eysenck et al., 
2007). The brain region that appears to be the most active during 
goal-directed behaviour is the prefrontal cortex (i.e., when performing 
tasks that require these EFs, electroencephalography research shows 
activation in this region; Collette & Van der Linden, 2002). The pre-
frontal cortex, like most brain regions, is a highly plastic structure 
capable of adaptation based on usage (a ‘use it or lose it’ approach; Shors 
et al., 2012). Specifically, adaptations can come in the form of structural 
or functional changes that can occur via increased oxygenated blood 
flow to a region or through repeated synaptic activation (Giles et al., 
2014). Athletes are individuals who, more regularly than non-athletes, 
experience increased oxygenated blood flow to the prefrontal cortex 
due to increased time spent exercising (Kimura et al., 2022) and are 
often involved in goal-directed sport which produces synaptic activity 
within the prefrontal cortex. Therefore, it is not farfetched, due to 
increased exercise levels and engagement with goal-directed behav-
iours, to believe that the structural or functional configuration of the 
prefrontal cortex is different in athletes compared to non-athletes. 
Therefore, it should not be a given that theoretical frameworks of EF 
that work for non-athletic samples will simply work in athletic samples.

In a recent review of 142 studies that examined cognitive ability and 
sport performance in competitive athletes, Kalen and colleagues (2021)
reported a medium effect size for the overall difference in EF scores, with 
higher skilled athletes performing better on tests of EF compared to 
lower skilled athletes. The apparent link between EF and highly skilled 
athletic performance corresponds to the relatively recent surge in 
commercial products designed to target and train EFs in athletes (Harris 
et al., 2018). However, the EF and athlete relationship isn’t straight 
forward (for a review, see Furley et al., 2023). Furley et al. (2023)
outlined that EFs typically targeted in domain-general tasks are void of 
sporting context and cannot facilitate far-transfer, only near-transfer (i. 
e., repeated performance of such EF tasks leads only to improvement in 
that task, or closely related ones, and not on field performance). This 
research casts some doubt on the ability of EF to predict athletic per-
formance. Furley et al. (2023) also note that it’s perhaps more likely that 
the impact of EF on athletic performance is not direct and instead, there 
are confounding variables in place where EFs interact with other key 
perceptual-cognitive processes (e.g., visual attention [VA]; Brimmell 
et al., 2021).

Numerous examples demonstrate a positive relationship between EF 
and athletic performance. Simonet et al. (2023) performed a scoping 
review on the relationship between inhibition and sports practice and 
suggested that overall, athletes show greater inhibition compared to 
non-athletes. Greater shifting ability has also been reported in 1st 
Swedish division soccer players compared to 2nd and 3rd division 
players (Vestberg et al., 2012). Similarly, the ability to update infor-
mation in working memory has been shown to be greater in expert 
athletes (Vaughan et al., 2021). These examples all utilise 
domain-general measures of EF (i.e., tasks typically developed by 
cognitive psychologists that use every day stimuli void of any specific 
context) and thus could be susceptible to transfer. Recently, Knobel and 
Lautenbach (2023) tried to bridge the gap between domain-general and 
sport-specific EF tasks when they had participants complete a standard 
n-back task (a measure of updating; Jaeggi et al., 2003) and a 
football-specific n-back in a SoccerBot (Heilmann et al., 2021). Results 
suggested that the football-specific n-back showed good convergent 
validity compared to the standard n-back task for both response accu-
racy and response time.

Response accuracy and response time are very important outcome 
variables to consider when examining EF in athletes, though research 
often omits one of these. Indeed, Brimmell et al. (2021) outlined the 
important distinction between performance effectiveness (i.e., accu-
racy) and efficiency (i.e., accuracy by response time) often not consid-
ered in EF research. The distinction was first referred to in Attentional 

Control Theory (ACT: Eysenck et al., 2007) where it was outlined that 
during moments of anxiety or stress an individual could maintain, or 
increase, performance effectiveness on tasks measuring the EFs of in-
hibition, shifting, and updating (i.e., continue to be accurate on trials 
that place significant demands on the individual or include ‘distractor’ 
stimuli). The cost of such maintenance or improvement is that the in-
dividual must utilise more resources (e.g., time or effort; Eysenck et al., 
2007) thus making them less ‘efficient’ (i.e., responses can be correct but 
at a higher cost). Research with athletes is a prime opportunity to 
include both effectiveness and efficiency scores given they are often, 
even in relatively closed sports (e.g., golf), in situations that demand 
they be accurate (e.g., keep the ball on the fairway) while under time 
constraints (e.g., shot penalties in golf if individuals take too long).

1.2. Models of executive function

Miyake et al. (2000) were the first to examine the structural relations 
between EFs. To analyse the degree of association (i.e., unity and/or 
diversity) between inhibition, shifting, and updating, Miyake and col-
leagues (2000) utilised confirmatory factor analysis (CFA). Miyake et al. 
(2000) included multiple measures of each EF to build latent variables, 
arguing that this approach provides a purer measure of the target EF. 
Miyake and colleagues (2000) showed that the three EFs were, to some 
degree, both united and diverse. The CFA showed that three unique 
factors emerged (inhibition, shifting, and updating) but were also 
moderately correlated supporting the unity/diversity framework of EF. 
Notably, this unity/diversity framework of EF showed greater model fit 
compared to an independent-factor model of EF (i.e., three unique fac-
tors) and a single-factor models of EF (i.e., a single composite factor). 
Miyake et al. (2000) employed structural equational modelling to 
confirm their proposition that inhibition, shifting, and updating are 
indeed fundamental components of cognition that influence 
higher-order EFs.

While the unity/diversity framework of EF is extensively cited, 
research questioned its validity (e.g., Friedman et al., 2008). In the 
initial framework, unity/diversity between latent EFs was assessed 
through factor correlation coefficients (Friedman & Miyake, 2017). 
Friedman et al. (2008) examined the unity/diversity component 
through the latent variables leading to the conception of the nested 
model of EF. The nested model introduced a “common EF” factor which 
is believed to facilitate goal maintenance and attentional bias (i.e., a bias 
toward goal-related stimuli; Friedman & Miyake, 2017). In this model, 
“common EF”, accounts for any shared variance across inhibition, 
shifting, and updating tasks (i.e., model unity). The diversity compo-
nent, and nested element, is accounted for by updating-specific and 
shifting-specific factors which account for any remaining variance not 
accounted for by the “common EF” factor (Friedman & Miyake, 2017). 
Despite ongoing debate regarding the most suitable EF structure, 
research on EFs in athletes have largely adopted the unity/diversity 
framework of EF without assessing its efficacy. This may partially 
explain some of the mixed results within the literature (e.g., Furley et al., 
2023; Kalen et al., 2021).

The existence of various frameworks/models indicates a lack of 
clarity in the structure of EF. A notion highlighted and investigated by 
Sambol et al. (2023) who outlined that previous studies may use tasks 
that are too similar (thus inflating correlations/factor loadings). 
Consequently, studies like Miyake et al. (2000) and Friedman et al. 
(2008) may report high correlations and acceptable model fit due to 
procedural similarities between tasks rather than common underlying 
EF processes. To address this, Sambol and colleagues (2023) selected 
tasks that were procedurally diverse yet required the same EFs. The CFA 
results of Sambol et al. (2023) did not support the unity/diversity 
framework or the nested model of EF. Instead, their exploratory factor 
analysis (EFA) suggested a new model comprising working memory, 
cognitive flexibility, and a sole Stroop task factor. These results raise 
doubts around the structural configurations of EF, the EF conclusions 
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adopting this framework, and the suitability of such models in general 
and specific populations (e.g., athletes). However, several potential 
shortcomings can be outlined in Sambol et al. (2023). The most perti-
nent being the fact that EFA (i.e., data reduction) and CFA (i.e., data 
specification) are different statistical techniques and outcomes are not 
directly comparable.

In the current work, CFA is believed to the most appropriate statis-
tical approach. In terms of differences EFA and CFA are fundamentally 
different in their approach to how they look to place relatively high 
numbers of observed components (in this case, responses on EF tasks) on 
to fewer latent, or unobserved, variables (i.e., broader underlying con-
structs; Yong & Pearce, 2013). Specifically, EFA is normally the first step 
in factor analysis and is appropriate when there is no reason to believe 
the observed components will conform to a particular structure. How-
ever, CFA attempts to confirm a particular hypothesis and in doing so, 
restricts the structural variance to that which falls within the predicted 
model (Yong & Pearce, 2013). Here, CFA is far more appropriate than 
EFA given that we have four very specific hypothesised models that have 
been obtained from previous research (i.e., the unity/diversity frame-
work of EF, the independent-factor model, the single-factor model, and 
the nested model of EF).

1.3. The present study

To date, little research has examined the factor structure of EFs in 
athletes with the only known example forming a small part of a wider 
examination in to the role of EF, attention, and emotion in predictive 
athletic performance (Bisagno et al., 2022). Moreover, no work has been 
conducted into which specific EF model (i.e., the unity/diversity 
framework of EF, the independent-factor model, the single-factor model, 
or the nested model of EF) is the most appropriate for athletic pop-
ulations. Athletes are special as they regularly engage in exercise 
causing increased oxygenated blood flow within the prefrontal cortex 
and engage in goal-directed behaviour frequently within their sport. As a 
result, it is likely that the structure and functionality of the prefrontal 
cortex, and thus the key EFs of inhibition, shifting, and updating may 
differ. Therefore, an examination of whether models created based on 
the performance on EF tasks of non-athlete samples is relevant for ath-
letes is warranted. The absence of such studies with athletes, coupled 
with recent concerns about previous EF models, highlights the need to 
empirically test the structure of EFs in athletes.

This is particularly crucial given the variety of previously proposed 
models, many of which lack of support (Sambol et al., 2023). Although 
Sambol and colleagues (2023) suggested the unity/diversity framework 
and nested model of EF may not be suitable for all populations they did 
not test the independent-factor and single-factor models. Therefore, 
such options should not be ruled out when working with new pop-
ulations (e.g., athletes). To date, despite the widespread adoption of 
lower-order models of EF in the literature (e.g., Brimmell et al., 2022; 
Vaughan & Edwards, 2020), there is no existing evidence to ascertain 
whether these EF models are appropriate for use with athletes. The 
absence of an accepted framework to test EF in athletes may reduce 
precision and, consequently, confidence in findings. The aim of the 
present work was to use CFA to determine which of the proposed EF 
structures is most suitable in a sample of athletes for both EF effec-
tiveness (i.e., accuracy) and efficiency (i.e., accuracy by time; Brimmell 
et al., 2021). It was hypothesised that, despite the work of Sambol and 
colleagues (2023), the most popular model of EF (i.e., the uni-
ty/diversity framework of EF) would be the most suitable model in our 
athletic sample.

2. Methods

2.1. Design and ethics

The present study was conducted via the cloud-based platform 

Gorilla (Anwyl-Irvine et al., 2020). Online platforms allow for remote 
testing and have been shown to bring equivocal findings to 
laboratory-based studies (e.g., Brimmell & Vaughan, 2022; Ziv & Lidor, 
2021) and have been previously applied in sport and exercise research 
(Erdogdu et al., 2023). Moreover, outcome variables derived from re-
action time and response accuracy, which are key within the present 
study, have been noted as comparable across laboratory and online 
settings (Brimmell & Vaughan, 2022; Hilbig, 2016). The current study 
received institutional ethical approval from the lead authors institu-
tional ethics committee.

2.2. Participants

Initially, 135 participants completed the present study. However, the 
data of four volunteers who did not provide sport participation infor-
mation was removed (N = 131; Mage = 27.15 ± 10.32 years; 54% were 
male). The total sample size followed Kline’s (2023) recommendation of 
5–10 participants per parameter for sufficient power for CFA, and is 
consistent with previous research (e.g., Miyake et al., 2000; Sambol 
et al., 2023). Participants responded to questions regarding athletic 
expertise to ascertain a continuous score of athletic engagement (as in 
Brimmell et al., 2021; Hagyard et al., 2021; see also Swann et al., 2015). 
Specifically, expertise was calculated using Swann et al.’s (2015) rec-
ommendations where a composite score is created based on individual 
highest performance level, sporting success, sporting experience in 
years, competitiveness of the sport in the individual’s residing country, 
and global competitiveness of the sport (see Brimmell et al., 2021, for 
more detail). As all expertise scores were above zero (mean athletic 
expertise = 4.44, SD = 2.34, range = .67–12.00), we can confirm that all 
participants could be considered athletic to some degree.

2.3. Measures

Each EF measure was selected based on regular application within 
research examining EFs in athletes, acceptable validity scores reported 
in previous research, and acceptable reliability scores reported in pre-
vious research. Validity and reliability values were not obtained in sport- 
specific studies but in studies aiming to assess the psychometric prop-
erties (i.e., validity and reliability) of the EF tasks themselves. All psy-
chometric data, including reliability scores for the EF tasks in the present 
sample, is presented in Table 1.

2.3.1. Inhibition
Stop Signal Task (SST). The SST (Logan & Cowan, 1984; Ver-

bruggen et al., 2019) required participants to respond to the direction of 
a central facing arrow (i.e., go trials). The target arrow was either facing 
left (requiring a “F” key press) or right (requiring a “J” key press). The 
stop signal was the emergence of a red ring around the target arrow 
which indicated participants should withhold their response and await 
the next trial. The stop signal was presented on 25% of the trials (i.e., 
stop trials). The task adopted a staircase design which adapted to 
participant performance and aimed for a 50% success rate (Hagyard 
et al., 2021; Verbruggen et al., 2019). Specifically, the stop signal delay, 
which is first presented after 250ms, increased by 50ms when successful 
and decreased by 50ms when unsuccessful on a stop trial. Participants 
completed 10 practice trials and two blocks of 100 trials. The outcome 
measure of effectiveness was the number of correct responses on stop 
trials minus incorrect responses on stop trials. Efficiency was Stop Signal 
Reaction Time which was calculated following Verbruggen et al.’s 
(2019) recommendations (i.e., multiplying the number of successful go 
responses by the probability of responding on a stop trial, then sub-
tracting the average Stop Signal Delay from this new variable).

Go/No-Go Task (GNGT). The GNGT (Gordon & Caramazza, 1982) 
involved the presentation of a continuous stream of alphabetic letters 
that require either a go or no-go response. The stimuli in the present task 
were the letter “K” (the go response letter) and the letter “L” (the no-go 
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response letter). When “K” was presented on-screen, participants were 
to press the spacebar key and when “L” was presented on-screen, par-
ticipants were to withhold any response. To build a prepotent response 
and ensure inhibition was being examined, go trials made up 75% of the 
task trials, while no-go trials made up 25% of the trials. Participants 
completed eight practice trials and two blocks of 100 trials. Effectiveness 
was measured by subtracting incorrect responses (i.e., false alarms) from 
correct responses (i.e., successful inhibitions). Efficiency was calculated 
by dividing effectiveness scores by mean reaction time (RT) on correct 
go trials.

2.3.2. Shifting
Colour-Shape Task. The colour-shape task (adapted from Friedman 

et al., 2008) presented participants with one of four visual stimuli (i.e., 
blue square, blue rectangle, green square, or green rectangle). Partici-
pants were asked to categorise the presented stimuli based on a cue word 
(i.e., colour or shape). When categorising the stimuli for colour, par-
ticipants pressed “J” for green and “F” for blue and when assessing for 
shape, participants were required to press “J” for square and “F” for 
rectangle. For example, the presentation of a green rectangle with the 
cue shape, would require an “F” response. Participants completed four 
practice trials and two blocks of 48 trials. Cue words and stimuli were 
presented randomly, but an equal number of times. That is, each stimuli 
appeared 12 times and each cue word 24 times, per block. Outcome 
measures were calculated based on trials that involved a switch, that is, 
when the cue word switched from colour to shape, or vice versa. 
Effectiveness was calculated by subtracting incorrect responses from 
correct responses on switch trials. Efficiency was calculated by dividing 
effectiveness scores by mean RT on correct switch trials.

Modified Flanker Task. The modified flanker task (based on Krenn 
et al., 2018) involved identifying the direction of a black-coloured 
central target arrow flanked by congruent (i.e., facing the same direc-
tion as the target) or incongruent (i.e., facing the opposing direction to 
the target) distractor arrows. Participants pressed the “Z” key for left 

facing target arrows and “M” key for right facing target arrows. On 
certain trials, the target arrow was red which meant participants were to 
respond with the opposite key (e.g., “Z” for a right facing target arrow). 
Additionally, the target arrow could be green (which required the same 
responses as when black) or up-facing instead of the sideways (which 
required no response at all). Participants completed three blocks of 8 
practice trials (one for black target arrows, one for red target arrows, and 
one with all target arrows) and two blocks of 126 trials. Outcome 
measures were calculated based on trials that involved a switch (e.g., 
target arrow switched from red to black). Effectiveness was indexed by 
subtracting incorrect responses from correct responses on switch trials. 
Efficiency was calculated by dividing effectiveness scores by mean RT on 
correct switch trials.

2.3.3. Updating
2-Back Task. In the 2-Back task (Jaeggi et al., 2003) a continuous 

stream of alphabetical letters was presented to which the participant 
must recall if the currently displayed letter matches the one displayed 
two trials before or not. When the current letter matched the one two 
trials prior, the participant was to press the “F” key and press the “J” key 
if the current letter was not a match. Participants completed six practice 
trials and three blocks of 20 trials. The outcome measure of effectiveness 
was calculated by subtracting the number of incorrect responses from 
the number of correct responses. The efficiency measure was calculated 
by dividing effectiveness scores by the mean RT of correct responses.

Backward Digit Span Task. The backward digit span task 
(Reynolds, 1997) presented participants with a string of numerical 
stimuli (string length ranged from 3 to 9) and at the end of each pre-
sentation, they had to recall the digits in reverse order. Backward digit 
span was used over the forward digit span as it is believed to require 
updating and working memory abilities and the forward span is not 
(Reynolds, 1997). Participants completed two practice trials and three 
blocks of seven trials. Effectiveness was measured by the number of 
correctly recalled spans minus the number of incorrectly recalled spans. 
Efficiency was calculated by dividing effectiveness scores by mean RT on 
correct trials.

2.4. Procedure

After opening the online Gorilla link, participants created a pseu-
donym to protect anonymity before reading an information sheet and 
providing informed consent to partake. Next, participants provided de-
mographic information including: any visual impairment, age, gender, 
ethnicity, and sport expertise (to ascertain whether the participant could 
be classed as an athlete to some degree). The participants then 
completed the six tasks including: the SST, the GNGT, the Colour-Shape 
Task, the Modified Flanker Task, the 2-Back Task, and the Backward 
Digit Span Task. Tasks were completed in a counter-balanced order 
using the Latin Square feature in Gorilla. The study lasted approximately 
70 min and ended with a brief thank you message, a debrief, and the 
opportunity for the participant to enter a voluntary prize draw (Amazon 
voucher ranging £10–50). The prize draw was voluntary as it required 
entering a personal email address to receive the prize therefore, those 
wishing to remain anonymous could do so.

2.5. Data analytic plan

Data analysis was conducted in RStudio (version 4.2.3; R Core Team, 
2023). The associated datafiles and RStudio script are available via the 
Open Science Framework [https://osf.io/xtyr4/?view_only=25d7d 
5bab6924ddcb171851d75fe4a08]. Missing data was first screened 
within the datafile. Missing data comprised 3.91% of the entire dataset. 
As missing data was <5%, missing values were replaced with the item 
mean (Tabachnick & Fidell, 2007). Univariate normality was assessed 
by examining whether skewness values fell between − 3 and +3 (Field, 
2018) and whether kurtosis values fell between − 10 and + 10 (Brown, 

Table 1 
Psychometric properties of EF measures used in the present study.

EF Measure Validity Reliability Reliability in 
Current 
Sample

Stop Signal 
Task

Factor loading = .50 
with other measures of 
inhibition (Gunten et al., 
2020)

Sound split-half 
reliability (r = .97; 
Gunten et al., 2020)

α = .88b

Go/Go-No 
Task

Small-moderate 
correlation with other 
inhibition measures (r =
.20; Gunten et al., 2020)

Sound internal 
consistency (α = .89; 
Gunten et al., 2020)

α = .96b

Colour- 
Shape Task

Factor loadings >.50 
with other measures of 
shifting (Friedman et al., 
2016)

Sound split-half 
reliability (r = .85; 
Friedman et al., 
2016)

α = .93b

Modified 
Flanker 
Task

Moderate correlation 
with other measures of 
shifting (r = .52 a; Zelazo 
et al., 2014)

Strong test-retest 
reliability (r = .85a; 
Zelazo et al., 2014)

α = .94b

2-Back Task Moderate correlation 
with other updating 
measures (r = .40; Frost 
et al., 2021)

Strong test-retest 
reliability (r = .79; 
Soveri et al., 2018)

α = .89b

Backward 
Digit Span 
Task

Moderate correlation 
with other updating 
measures (r = .41; 
Geurten et al., 2016)

Strong test-retest 
reliability (r = .64- 
.84; Woods et al., 
2011)

α = .86b

Notes.
a Validity and Reliability values taken for the Flanker Task, not specifically the 
Modified Flanker Task used here as no such assessment of this recent iteration 
yet exists.
b Reliability was calculated using Kuder-Richardson Formula 20 due to binary 
data.
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2015). This process revealed a single outlier for SST efficiency. This 
outlier was replaced with values three standard deviations from the 
mean (Friedman et al., 2008; Sambol et al., 2023), then univariate an-
alyses were re-checked and no further deviances from normality were 
revealed (see Table 2). Multivariate normality was assumed, as a com-
bination of univariate normality usually leads to a multivariate normal 
distribution (Brereton, 2015).

Descriptive statistics and correlations between all the outcome var-
iables are shown in Tables 2 and 3, respectively. Correlations included 
between-task (e.g., SST & GNGT) and within-task (i.e., effectiveness & 
efficiency) relationships. Also, given the previously outlined role of 
expertise upon EF, our continuous expertise variable was included in 
correlational analyses. The Lavaan package (latent variable analysis; 
Rosseel, 2012) was used to perform the effectiveness and efficiency CFA 
models, respectively. A series of CFAs were selected over other latent 
modelling options (e.g., EFA) because the proposed structure of EF has 
been commonly reported (e.g., Miyake et al., 2000; Sambol et al., 2023). 
The specific models ran in CFA included: the unity/diversity framework, 
the nested model of EF, the independent-factor model, and the 
single-factor model (Miyake et al., 2000; Sambol et al., 2023) for both 
effectiveness and efficiency independently.

3. Results

3.1. Correlations

Table 3 shows the correlations between expertise and EF effective-
ness and efficiency scores for inhibition, shifting, and updating tasks. 
Expertise was significantly positively correlated with GNGT efficiency, 
and Colour-Shape Task efficiency. This may suggest the expert advan-
tage in athletes is specific to EF efficiency (i.e., resources used to 
maintain effectiveness), rather than EF effectiveness (i.e., performance 
accuracy only). The largest significant correlations were evident be-
tween the individual task measures for effectiveness and efficiency (e.g., 
SST effectiveness and SST efficiency). Additional significant between- 
task correlations were also found (see Table 3 for specific correlations).

3.2. Confirmatory factor analysis

3.2.1. Effectiveness
All CFA models for EF effectiveness were performed using the Lavaan 

package (Rosseel, 2012) in RStudio. To assess model fit a series of ab-
solute (i.e., Chi-Square [χ2]) and relative (i.e., Comparative Fit Index 
[CFI], Tucker-Lewis Index [TLI], Root Mean Square Error of Approxi-
mation [RMSEA], Standardised Root Mean Squared Residual [SRMR], 
Akaike Information Criterion [AIC]) indices were used and interpreted 
following the recommendations of Kline (2023). Specifically, χ2 should 
be non-significant (Kline, 2023), CFI should be ≥ .90, TLI should be ≥

.95, RMSEA should be < .08, SRMR should be < .08, and AIC does not 
require a specific value, but smaller values indicate a more parsimonious 
and ideal model (Akaike, 1973). Factor loadings greater than .30 were 
deemed acceptable with values increasingly closer to 1.00 indicating a 
greater factor loading (Comrey & Lee, 1992). All model fit indices are 
shown in Table 4.

The independent-factor model showed the poorest absolute and 
relative fit (see Table 4). This suggested that setting the covariance be-
tween latent factors to zero was not appropriate and the latent inhibi-
tion, shifting, and updating factors covary. Factor loadings provided 
mixed support for the independent-factor model (see Fig. 1C). The factor 
loadings for SST effectiveness loaded excellently on to the inhibition 
factor, but GNGT effectiveness loaded poorly. For the shifting factor, the 
Modified Flanker Task effectiveness loaded excellently while the Colour- 
Shape Task effectiveness loading was fair. Finally, the updating factor 
did not appear to emerge in this model with both Digit Span Task and 2- 
Back Task effectiveness loadings below the .30 cut-off. The single-factor 
model also showed poor absolute and relative fit (with only SRMR 
acceptable; see Table 4) suggesting a single “common EF” may not be 
present in athletes. Factor loadings were generally acceptable though 
and ranged from fair-very good apart from GNGT effectiveness which 
did not load sufficiently (see Fig. 1D).

The unity/diversity framework of EF showed excellent absolute and 
relative model fit (see Table 4). This may suggest the original framework 
where factors are correlated but also independent (i.e., the lower-order 
model; Miyake et al., 2000) is appropriate for use with athletic samples. 
The factor loadings for inhibition and shifting factors were sufficient 
with loadings ranging from fair-very good (see Fig. 1A). As in the 
independent-factor model, the updating factor was not supported (i.e., 
Digit Span Task and 2-Back Task effectiveness loadings were below 
acceptable). The nested model of EF also showed excellent absolute and 
relative model fit and marginally outperformed the unity/diversity 
framework of EF model (see Table 4). This may suggest the revised 
model of Friedman et al. (2008) is more appropriate for athletes.

However, the latent updating factor showed negative variance and 
the factor loading with “common EF” exceeded 1.00. As a result, mod-
ifications were made involving fixing the covariance between the 
updating and “common EF” factors and fixing the variance of the 
updating factor to zero. Such modifications did not alter the absolute 
and relative fit indices (see “Modified Nested Model” in Table 4). 
However, factor loadings were now appropriate (see Fig. 1B). Colour- 
Shape Task and Modified Flanker Task effectiveness showed good-very 
good loadings and the shifting factor loaded on to the “common EF” 
excellently. The Digit Span and 2-Back Tasks again did not load on to an 
updating factor and the updating factor did not load suitably on to the 
“common EF” factor. Finally, SST effectiveness loaded to a fair level on 
the “common EF” factor and GNGT effectiveness showed a poor-fair 
loading (see Fig. 1B).

3.2.2. Efficiency
The efficiency models were performed using the Lavaan package 

(Rosseel, 2012) in RStudio. Model fit was again assessed with absolute 
(i.e., χ2) and relative (i.e., CFI, TLI, RMSEA, SRMR, AIC) indices and 
interpreted following Kline’s (2023) recommendations. All model fit 
indices are shown in Table 5. The independent-factor model showed the 
poorest absolute and relative fit indices (see Table 5) suggesting that 
pre-specifying zero correlations between latent factors was not appro-
priate for EF efficiency outcomes in athletes. Both Colour-Shape and 
Modified Flanker Task efficiency loaded excellently on to the shifting 
factor. 2-Back Task efficiency loaded excellently on to the updating 
factor, but Digit Span Task efficiency loaded poorly. Finally, GNGT ef-
ficiency showed good loading on to the inhibition factor, but SST effi-
ciency loaded poorly (see Fig. 2C). The single-factor model also showed 
poor absolute and relative fit with only the SRMR acceptable (see 
Table 5). This suggested a single “common EF” may not be suitable for 
athletes. Factor loadings were generally acceptable and ranged from 

Table 2 
Mean, standard deviation, skew, and kurtosis for expertise and EF effectiveness 
and efficiency outcomes.

Variable Mean(SD) Skewness Kurtosis

Expertise 4.44(2.34) .84 3.38
Go/No-Go Task Effectiveness 22.44(16.73) − .70 3.29
Go/No-Go Task Efficiency 6.56(5.39) − 1.03 5.69
Stop Signal Task Effectiveness − 7.78(13.99) − 1.21 3.75
Stop Signal Task Efficiency 706.52(113.89) − 2.05 8.50
Backward Digit Span Task Effectiveness − 3.71(8.58) .82 3.40
Backward Digit Span Task Efficiency − 3.21(10.53) .77 6.21
2-Back Task Effectiveness 21.14(18.21) − .46 2.35
2-Back Task Efficiency 2.95(2.72) − .01 3.36
Colour-Shape Task Effectiveness 37.22(10.57) − 1.18 4.56
Colour-Shape Task Efficiency 4.88(2.10) .25 2.96
Modified Flanker Task Effectiveness 50.52(28.01) − 2.61 9.78
Modified Flanker Task Efficiency 6.99(4.04) − 2.21 9.25

Note. SD = standard deviation.
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fair-very good (Comrey & Lee, 1992; see Fig. 2D).
The unity/diversity framework of EF showed excellent absolute and 

relative model fit (see Table 5). As a result, it may be that the original 
model from Miyake et al. (2000; the lower-order model) is suitable for 
athletes. Examination of the factor loadings suggested that both 
Colour-Shape and Modified Flanker Task efficiency loaded very 
good-excellent on the shifting factor and that GNGT and SST efficiency 
loaded poorly-fairly on the inhibition factor. The updating factor was 
not supported as all loadings were poor (see Fig. 2A). The absolute and 
relative fit indices for the nested model of EF were excellent and 
marginally better than the indices associated with the unity/diversity 

framework of EF (see Table 5). This result may allude to the nested 
model of EF being more suitable for use with athletes. However, a 
negative variance and a factor loading greater than 1.00 suggested some 
issue with the nested model of EF.

After fixing the covariance between updating and “common EF” 
factors and setting the variance on the updating factor to be zero, the 
variance and factor loading issues were removed while absolute and 
relative fit indices were not altered (see “Modified Nested Model” in 
Table 5). Colour-Shape and Modified Flanker Task efficiency showed 
very good-excellent loadings on to the shifting factor and the shifting 
factor loaded on to the “common EF” factor excellently. Both Digit Span 

Table 3 
Correlations between expertise and EF effectiveness and efficiency outcome variables.

Variable 1 2 3 4 5 6 7 8 9 10 11 12 13

1) Expertise 1.00            
2) Go/No-Go effectiveness .14 1.00           
3) Go/No-Go efficiency .19* .97*** 1.00          
4) Stop Signal effectiveness − .07 .18* .13 1.00         
5) Stop Signal efficiency − .03 .12 .11 .50*** 1.00        
6) Digit Span effectiveness .02 .18* .17* .20* .21* 1.00       
7) Digit Span efficiency .04 .19* .18* .20* .25** .97*** 1.00      
8) 2-Back effectiveness .05 .23* .26* .29*** .22* .05 .04 1.00     
9) 2-Back efficiency .12 .23* .26* .24** .18* .08 .06 .95*** 1.00    
10) Colour-Shape effectiveness .02 .06 .07 .30*** .32*** .39*** .34*** .36*** .34*** 1.00   
11) Colour-Shape efficiency .17* .05 .09 .16 .28** .32*** .28** .38*** .41*** .69*** 1.00  
12) Flanker effectiveness − .01 .06 .11 .13 .08 .22* .20* .35*** .31*** .33*** .23** 1.00 
13) Flanker efficiency .03 .19* .26** .19* .19* .29*** .26** .50*** .47*** .45*** .49*** .83*** 1.00

Note. *p < .05, **p < .01, and ***p < .001.

Table 4 
Model fit indices and interpretation criteria for all EF effectiveness models.

Fit 
Statistic

Unity/ 
Diversity 
Framework

Nested 
Model

Modified 
Nested 
Model

Single 
Model

Independent 
Model

χ2 7.60 8.43 8.43 24.87* 83.62*
CFI .98 .98 .98 .82 .15
TLI .96 .97 .97 .70 − .41
RMSEA .05 .04 .04 .12 .25
SRMR .04 .04 .04 .07 .19
AIC 6402.82 6401.65 6401.65 6414.09 6472.84

Note. *p < .05.

Fig. 1. Shows the factor loadings and latent variances for each EF effectiveness model.

Table 5 
Model fit indices and interpretation criteria for all EF efficiency models.

Fit 
Statistic

Unity/ 
Diversity 
Framework

Nested 
Model

Modified 
Nested 
Model

Single 
Model

Independent 
Model

χ2 8.57 8.60 8.60 18.56* 86.88*
CFI .98 .99 .99 .91 .30
TLI .94 .97 .97 .86 − .17.
RMSEA .06 .04 .04 .09 .26
SRMR .04 .04 .04 .06 .21
AIC 5258.10 5256.13 5256.13 5262.10 5330.42

Note. *p < .05.
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and 2-Back efficiency failed to load on to an updating factor and the 
updating factor did not load on to the “common EF” factor. Finally, SST 
and GNGT efficiency showed fair loadings for the “common EF” factor 
(see Fig. 2B).

4. Discussion

The main aim of the present work was to use CFA to understand 
which theoretical structure of EF (i.e., the unity/diversity framework of 
EF, the nested model of EF, the independent-factor model of EF, and the 
single-factor model of EF) was most appropriate in a sample of athletes. 
Our main hypothesis was partially supported as although the unity/di-
versity framework of EF was a suitable model, its suitability was sur-
passed by the nested model of EF. Each theorised EF structure proposes a 
different degree of association between inhibition, shifting, and updat-
ing with previous work supporting the unity/diversity framework of EF 
and nested model of EF in their target sample (i.e., students). However, 
athletes are a unique population as regular bouts of submaximal exercise 
increases oxygenated blood flow within the PFC (Giles et al., 2014) 
subsequently increasing synaptic alterations in this area. This, coupled 
with mixed findings on the relevance of certain EFs for athletes (Furley 
et al., 2023), make it poignant to understand the EF structure in this 
specific population. For both effectiveness and efficiency, the results of 
the CFA revealed that the nested model of EF may be the most suitable 
EF structure for athletes with the unity/diversity framework of EF an 
acceptable alternative. This is the first step in understanding the EF 
structure of athletes and future works should examine differences in 
athlete vs non-athlete groups to better understand the suitability of such 
EF models.

4.1. Model fit indices

Both the absolute and relative fit indices from the CFA results for 
effectiveness and efficiency indicated poor model fit for the 
independent-factor model of EF in the current sample of athletes. This 
supports previous presumptions (i.e., Friedman et al., 2008; Miyake 
et al., 2000) and aligns with early cognitive theorists (e.g., Baddeley, 
1998). Central to the independent-factor model is the idea that all EFs 
are completely unique with no shared variance. However, this notion 
has been consistently challenged. For example, Miyake et al. (2000)
argued that EFs often manifest themselves by first impacting, or being 

impacted by, other cognitive processes suggesting some relation or 
overlap between EFs. Baddeley (1998) purported that though constructs 
like working memory can be divided to subcomponents, they are 
interrelated and not independent and solitary working mechanisms. 
Furthermore, although Sambol et al. (2023) did not explicitly test the 
independent-factor model of EF, their analyses revealed a degree of 
association among EFs (e.g., in the form of a cognitive flexibility factor 
comprising inhibition and shifting), implying that the assumption of EF 
independency is inaccurate. Therefore, this present finding adds to the 
evidence supporting a combined effect and degree of shared re-
sponsibility of these EFs in influencing performance on typical EF tasks.

The single-factor model of EF was also a poor fit for the effectiveness 
and efficiency data in the current sample of athletes. The single-factor 
model of EF can be considered a somewhat opposing model of the 
independent-factor model of EF in that there is no distinction between 
processes but rather a single over-arching construct controlling EFs. This 
finding aligns with previous research, as extensive investigations into 
individual differences across EFs have supported a non-unitary expla-
nation in specific populations, including healthy adults (Friedman et al., 
2008; Sambol et al., 2023), healthy older adults (Lowe & Rabbitt, 1997), 
and adults who have suffered brain damage (Burgess et al., 1998) and 
now, athletes. Interestingly, research typically focuses on a population 
of interest when assessing EF module structure. It may be that future 
work wishes to compare module structure between a two distinct pop-
ulations (in this case athletic and non-athletic) to examine differences. 
Overall, the rejection of these two models (i.e., independent-factor and 
single-factor model of EF) was expected and alludes to a more intricate 
relationship between EFs where they are related, yet distinct as alluded 
to in previous work (Friedman et al., 2008; Miyake et al., 2000; Sambol 
et al., 2023).

Pertinent to the current study is the suitability of the nested model 
and the unity/diversity framework of EF. The nested model of EF 
emerges as most suitable structural configuration among those exam-
ined in this specific athletic population. The absolute and relative fit 
indices for the nested model of EF were both excellent, aligning with 
Friedman et al. (2008) and contradicting the findings of Sambol and 
colleagues (2023). One key difference between these studies were the 
tasks selected to assess the EFs of interest. One criticism of Friedman 
et al. (2008) and Miyake et al. (2000) from Sambol and colleagues 
(2023) was that the EF tasks employed shared very similar methodo-
logical processes. This suggests that observed relationships may be 

Fig. 2. Shows the factor loadings and latent variances for each EF efficiency model.
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attributed to specific methodological skills rather than the underlying 
domain-general EF (Sambol et al., 2023). It is difficult to say whether the 
current study is similar to Friedman et al. (2008) since the EF tasks in our 
study are different to the ones used in previous research (e.g., Friedman 
et al., 2008; Sambol et al., 2023). We believe the selected tasks assess the 
same EFs, yet they do not suffer methodological similarity issues, as 
evidenced by non-perfect correlations between tasks.

The unity/diversity framework of EFs also showed excellent absolute 
and relative model fit. The strong support for the unity/diversity 
framework and the similarity in values to the nested model of EF make it 
difficult to determinate which model is superior (though again, the 
indices marginally favour the nested model of EF). It is not surprising 
that the fit indices for these models were so close as they are constructed 
in similar ways. The only difference being that the nested model of EF 
includes an additional higher order component (i.e., the “common EF”). 
For more clarity, future research may consider testing the unity/di-
versity framework and nested model of EF using different EF tasks and 
indeed, across athlete and non-athlete populations. For example, a 
group of participants could complete 12 EF tasks (i.e., four per EF). Half 
of these tasks (i.e., two inhibition, two shifting, and two updating) could 
be then allocated to constructing the unity/diversity framework of EFs, 
while the remaining tasks could be employed to construct the nested 
model of EF. A comparison between these two models could determine 
the superior model. One consideration with this approach is that the 
selection of tasks is carefully thought through to avoid the results being 
influenced by significant differences in task methodology.

4.2. Factor loadings

Despite excellent model fit indices for the nested model of EF the 
factor loadings were mixed. For both EF effectiveness and efficiency, the 
Colour-Shape and Modified Flanker Tasks showed good to excellent 
factor loadings on the shifting factor and were positively significantly 
correlated. In addition, this latent shifting factor loaded excellently on to 
the “common EF”. This indicates that a separable shifting-specific factor 
aids shifting task performance, but that this shifting ability is superseded 
by an overarching “common EF”. This may support previous research (i. 
e., Friedman et al., 2008) which endorses the suitability of the nested 
model of EF and extend this line of work by demonstrating the relevance 
of this model among athletes in our sample. Although weaker in 
magnitude, the factor loadings for the SST and GNGT did reach 
acceptable levels on to the “common EF” latent factor. As with the 
shifting factor, inhibition effectiveness and efficiency showed similar 
values however the efficiency scores showed marginally higher factor 
loadings on to the “common EF”. It may be that time-based variables are 
more informative in athletic samples, given the time demands often 
placed upon them (Brimmell et al., 2022).

The factor loadings for the updating tasks were surprising. First, 
neither the Digit Span nor 2-Back task loaded acceptably on the 
updating factor. It appears that in the current sample of athletes, per-
formance on these tasks does not stem from the same EFs. However, 
these tasks were significantly and positively correlated which does al-
lude to some relationship. It may be the case that these tasks require 
related, yet distinct EFs. Vaughan and colleagues (2021) outlined that 
working memory, a construct like updating, comprised ‘capacity’ and 
‘ability’ components. It may be that in athletes, a more nuanced 
approach to updating is also needed or perhaps performance is depen-
dent of level of athletic expertise, a notion testable through comparison 
of EF models at multiple expertise levels (e.g., expert vs novice). Second, 
the updating latent factor did not significantly load onto the “common 
EF”. Initially, this contradicts the nested model of EF. However, this 
outcome may stem from the lack of meaningful loadings for the updating 
tasks onto the updating latent factor. This finding would be more un-
expected and contradictory if the tasks loaded appropriately on the 
updating latent factor, but not on the “common EF”. Consequently, the 
unsuitability of the nested model of EF may not be the issue as indicated 

by our other results. Instead, it could be attributed to an issue with the 
tasks used to assess updating in athletes. Therefore, future research 
should consider employing alternative tasks for a more comprehensive 
examination.

The factor loadings for the unity/diversity framework of EFs were 
highly similar to the nested model of EF for both effectiveness and ef-
ficiency. For example, the same pattern of good-excellent loadings for 
the Colour-Shape and Modified Flanker tasks on to the shifting factor 
was found. Marginal differences in loadings between the models with 
the values in the unity/diversity framework of EF slightly lower than the 
nested model of EF for performance effectiveness. This result again 
supports the nested model of EFs over the unity/diversity framework of 
EFs in the current athletic sample and aligns with the work of Friedman 
et al. (2008). The lack of acceptable loadings for the Digit Span and 
2-Back Tasks on to the updating factor was also found in the uni-
ty/diversity framework of EFs. This is not surprising given that the tasks 
and structural configuration were the same across models. The inhibi-
tion factor in the unity/diversity framework of EFs provided mixed 
findings. Regarding the unity/diversity model of EF, the SST and GNGT 
loadings were higher for effectiveness but lower for efficiency. Perhaps 
this alludes to “common EF” being more relevant for efficiency-based 
measures and inhibition for effectiveness outcomes.

Another finding worthy of discussion is the factor loadings for the 
single-factor model of EF. Though the model fit indices did not outline 
the model as a good fit for the current sample, the factor loadings were 
surprisingly consistent and above the acceptable level. For EF perfor-
mance effectiveness, all factor loadings were above the acceptable level 
apart from the GNGT. Most surprisingly though was that the updating 
tasks (i.e., Digit Span and 2-Back Tasks) both showed fair to good 
loadings on to the “common EF” latent factor. Overall, this might sup-
port a common underlying EF that supports performance on all EF- 
related tasks. More evidence for this came from the EF performance 
efficiency factor loadings for the single-factor model of EF. Here, all 
tasks used to measure EF had acceptable factor loadings (ranging from 
fair to excellent) onto the “common EF”. The factor loadings from both 
the single-factor model of EF and the nested model of EF do seemingly 
support a “common EF” is present in athletes and that it may aid per-
formance on EF related tasks.

4.3. Applications for athletes

The defining characteristic in the nested model of EF is the ‘common’ 
EF factor (Friedman et al., 2008). The emergence of the nested model of 
EF as the most suitable in our sample of athletes suggests that athletes 
may possess this underlying ‘common’ EF ability. This is a novel finding 
for research with athletes where typically the focus is on measuring or 
training specific EFs (e.g., inhibitory control; see Hagyard et al., 2021). 
Instead, we are suggesting that it may be more fruitful, or at least as 
fruitful, to make the ‘common’ EF the target of research with athletes. 
Interestingly, this may align with the recent work of Furley et al. (2023)
who outlined current issues with conceptualising EF. Specifically, the 
‘common’ EF is theorised as a generic ability facilitating goal-directed 
attentional control and efforts to further conceptualise more specific 
and nuanced processes might be unnecessary (i.e., it’s more accurate 
and simpler to conceptualise EF as a broad goal-directed ability). 
Therefore, future research may wish to direct training interventions 
towards improving goal-directed attention in order to see if any subse-
quent improvement across various EFs emerge. Even if subsequent 
benefits to EF do not emerge, training goal-directed attention is highly 
relevant for athletes given that they are often in situations requiring 
goal-directed behaviour (e.g., selecting a teammate to pass a ball to from 
a multitude of potential receivers).

The emergence of shifting- and updating-specific factors suggests 
there is something specific to the shifting and updating tasks, beyond 
that which is accounted for by the ‘common’ EF factor (Friedman et al., 
2008), within the current sample of athletes. In one of the most 
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state-of-the-art examples to date, Knobel and Lautenbach (2023) repli-
cated the classic n-back task within the SoccerBot and found the new 
measure to be a valid but football-specific method for assessing updat-
ing. The present work provides support to such endeavours as we can 
suggest that there are updating-specific abilities present within athletes 
over and above the ‘common’ EF. Interestingly, neither the present work 
nor the work of Knobel and Lautenbach (2023) can rectify recent issues 
about whether EFs can predict future sport performance outlined in 
Kalen et al. (2021). Though sport-specific EF measures may be more 
fruitful for predicting future performance, whether this is true or not 
remained untested.

4.4. Limitations

The present work makes a number of novel contributions but is not 
without limitations. First, the study exclusively employed CFA and not 
EFA, in contrast to previous research (e.g., Sambol et al., 2023). This 
approach was taken due to the already substantial number of models 
established in the literature. The key difference between these two 
techniques is that CFA restricts the observed variables to manifest on 
specific latent variables, whereas EFA allows observed variables to load 
on any or all latent variables. Future research is encouraged to investi-
gate if the recommended model here (i.e., the nested model of EF) 
replicates when using EFA. On this note, and although typical of 
research in this area, the present work provides commentary on the 
suitability of EF models in relation to a single athletic sample. Future 
work is encouraged to obtain data from both an athletic and non-athletic 
sample for comparison purposes.

Second, Sambol et al. (2023) outlined that an issue with previous 
work (e.g., Miyake et al., 2000) was that the EF tasks shared similar 
methodologies which inflated certain results. It cannot be ruled out here 
that the tasks do not have some underlying similar methodology. Future 
work is encouraged to use different tasks and examine if the findings 
reproduce. One way to address this may be to adopt a similar approach 
to Sambol et al. (2023) whereby the authors have an explicit aim to 
utilise EF tasks that assess the same underlying EF but have very 
different procedural requirements. For example, researchers could select 
a range of tasks that all measure inhibition but perhaps one requires 
motor inhibition, one requires cognitive inhibition, and one requires 
verbal inhibition. In doing so, we could assess the degree to which an 
underlying inhibition skill is present and not just comment on 
task-specific inhibition.

5. Conclusion

Research around EF has outlined many potential structures for the 
lower-order model of EF (i.e., independent-factor model, single-factor 
model, unity/diversity framework of EF, and the nested model of EF). 
Given that recent research has called into question these structures (see 
Sambol et al., 2023) and that no model structure has been tested in a 
sample of athletes, despite their potential for difference, further cause 
for investigation was warranted. Although the unity/diversity frame-
work of EF had appropriate model fit and acceptable factor loadings, the 
nested model of EF (Friedman et al., 2008) marginally outperformed all 
other models regarding model fit and often factor loadings. Therefore, in 
athletes it is likely the lower-order model of EF is made up of an un-
derlying “common EF” with a shifting-specific component for both 
effectiveness and efficiency. Whether this “common EF” has predictive 
power over future performance remains to be tested.
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Anwyl-Irvine, A. L., Massonnié, J., Flitton, A., Kirkham, N., & Evershed, J. K. (2020). 
Gorilla in our midst: An online behavioral experiment builder. Behavior Research 
Methods, 52(1), 388–407.

Baddeley, A. (1998). Recent developments in working memory. Current Opinion in 
Neurobiology, 8(2), 234–238.

Bisagno, E., Cadamuro, A., Rubichi, S., Robazza, C., & Vitali, F. (2022). A developmental 
outlook on the role of cognition and emotions in youth volleyball and artistic 
gymnastics. Frontiers in Psychology, 13, Article 954820.

Brereton, R. G. (2015). The chi squared and multinormal distributions. Journal of 
Chemometrics, 29(1), 9–12.

Brimmell, J., Edwards, E. J., Smith, M., & Vaughan, R. S. (2021). Think, see, do: 
Executive function, visual attention, and soccer penalty performance. Sport, Exercise, 
and Performance Psychology, 10(2), 290.

Brimmell, J., Edwards, E. J., & Vaughan, R. S. (2022). Executive function and visual 
attention in sport: A systematic review. International Review of Sport and Exercise 
Psychology, 1–34.

Brimmell, J., & Vaughan, R. (2022). Moving online: Comparing executive function and visual 
attention performance online and in the laboratory–A brief report.

Brown, T. A. (2015). Confirmatory factor analysis for applied research. New York: Guilford 
publications. 

Burgess, P. W., Alderman, N., Evans, J. O. N., Emslie, H., & Wilson, B. A. (1998). The 
ecological validity of tests of executive function. Journal of the International 
Neuropsychological Society, 4(6), 547–558.

Collette, F., & Van der Linden, M. (2002). Brain imaging of the central executive 
component of working memory. Neuroscience & Biobehavioral Reviews, 26(2), 
105–125.

Comrey, A. L., & Lee, H. B. (1992). A first course in factor analysis. New Jersey: Lawrence 
Eribaum Associates. 

Erdogdu, M., Aytac, G., & Deliceoglu, G. (2023). Detection of attention and its sub- 
components in athletes with computer-based applications: A laboratory study. 
Sportmetre The Journal of Physical Education and Sport Sciences, 21(2), 162–177.

Eysenck, M. W., Derakshan, N., Santos, R., & Calvo, M. G. (2007). Anxiety and cognitive 
performance: Attentional control theory. Emotion, 7(2), 336.

Field, A. (2018). Discovering statistics using IBM SPSS statistics (5th ed.). Sage. 
Friedman, N. P., & Miyake, A. (2017). Unity and diversity of executive functions: 

Individual differences as a window on cognitive structure. Cortex, 86, 186–204.
Friedman, N. P., Miyake, A., Altamirano, L. J., Corley, R. P., Young, S. E., Rhea, S. A., & 

Hewitt, J. K. (2016). Stability and change in executive function abilities from late 
adolescence to early adulthood: A longitudinal twin study. Developmental Psychology, 
52(2), 326.

Friedman, N. P., Miyake, A., Young, S. E., DeFries, J. C., Corley, R. P., & Hewitt, J. K. 
(2008). Individual differences in executive functions are almost entirely genetic in 
origin. Journal of Experimental Psychology: General, 137(2), 201.

Frost, A., Moussaoui, S., Kaur, J., Aziz, S., Fukuda, K., & Niemeier, M. (2021). Is the n- 
back task a measure of unstructured working memory capacity? Towards 
understanding its connection to other working memory tasks. Acta Psychologica, 219, 
Article 103398.

Furley, P., Schutz, L. M., & Wood, G. (2023). A critical review of research on executive 
functions in sport and exercise. International Review of Sport and Exercise Psychology, 
1–29.

Geurten, M., Vincent, E., Van der Linden, M., Coyette, F., & Meulemans, T. (2016). 
Working memory assessment: Construct validity of the Brown-Peterson Test. 
Canadian Journal of Behavioural Science, 48(4), 328.

Giles, G. E., Brunye, T. T., Eddy, M. D., Mahoney, C. R., Gagnon, S. A., Taylor, H. A., & 
Kanarek, R. B. (2014). Acute exercise increases oxygenated and deoxygenated 
hemoglobin in the prefrontal cortex. NeuroReport, 25(16), 1320–1325.

Gordon, B., & Caramazza, A. (1982). Lexical decision for open-and closed-class words: 
Failure to replicate differential frequency sensitivity. Brain and Language, 15(1), 
143–160.

J. Brimmell et al.                                                                                                                                                                                                                                Psychology of Sport & Exercise 78 (2025) 102808 

9 

http://refhub.elsevier.com/S1469-0292(25)00007-X/sref1
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref1
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref2
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref2
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref2
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref3
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref3
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref4
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref4
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref4
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref5
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref5
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref6
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref6
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref6
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref7
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref7
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref7
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref8
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref8
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref9
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref9
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref10
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref10
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref10
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref11
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref11
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref11
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref12
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref12
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref13
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref13
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref13
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref14
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref14
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref15
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref16
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref16
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref17
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref17
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref17
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref17
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref18
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref18
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref18
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref19
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref19
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref19
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref19
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref20
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref20
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref20
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref21
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref21
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref21
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref22
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref22
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref22
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref23
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref23
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref23


Gunten, C. D., Bartholow, B. D., & Martins, J. S. (2020). Inhibition tasks are not 
associated with a variety of behaviours in college students. European Journal of 
Personality, 34(3), 412–430.

Hagyard, J., Brimmell, J., Edwards, E. J., & Vaughan, R. S. (2021). Inhibitory control 
across athletic expertise and its relationship with sport performance. Journal of Sport 
& Exercise Psychology, 43(1), 14–27.

Harris, D. J., Wilson, M. R., & Vine, S. J. (2018). A systematic review of commercial 
cognitive training devices: Implications for use in sport. Frontiers in Psychology, 9, 
709.

Heilmann, F., Weigel, P., & Wollny, R. (2021). Analysis of cognitive abilities measured in 
a laboratory-controlled 360 simulation in soccer. German Journal of Exercise and 
Sport Research, 51(3), 302–311.

Hilbig, B. E. (2016). Reaction time effects in lab-versus Web-based research: 
Experimental evidence. Behavior Research Methods, 48(4), 1718–1724.

Jaeggi, S. M., Seewer, R., Nirkko, A. C., Eckstein, D., Schroth, G., Groner, R., & 
Gutbrod, K. (2003). Does excessive memory load attenuate activation in the 
prefrontal cortex? Load-Dependent processing in single and dual tasks: Functional 
magnetic resonance imaging study. NeuroImage, 19(2), 210–225.

Kalen, A., Bisagno, E., Musculus, L., Raab, M., Perez-Ferreiros, A., Williams, A. M., 
Duarte, A., Lindwall, M., & Ivarsson, A. (2021). The role of domain-specific and 
domain-general cognitive functions and skills in sports performance: A meta- 
analysis. Psychological Bulletin, 147(12), 1290.

Kimura, D., Hosokawa, T., Ujikawa, T., & Ito, T. (2022). Effects of different exercise 
intensities on prefrontal activity during a dual task. Scientific Reports, 12(1), Article 
13008.

Kline, R. B. (2023). Principles and practice of structural equation modeling. Guilford 
publications. 

Knobel, S., & Lautenbach, F. (2023). An assist for cognitive diagnostics in soccer (Part II): 
Development and validation of a task to measure working memory in a soccer- 
specific setting. Frontiers in Psychology, 13, Article 1026017.

Koch, P., & Krenn, B. (2021). Executive functions in elite athletes–Comparing open-skill 
and closed-skill sports and considering the role of athletes’ past involvement in both 
sport categories. Psychology of Sport and Exercise, 55, Article 101925.

Krenn, B., Finkenzeller, T., Wurth, S., & Amesberger, G. (2018). Sport type determines 
differences in executive functions in elite athletes. Psychology of Sport and Exercise, 
38, 72–79.

Logan, G. D., & Cowan, W. B. (1984). On the ability to inhibit thought and action: A 
theory of an act of control. Psychological Review, 91(3), 295.

Lowe, C., & Rabbitt, P. M. A. (1997). Cognitive models of ageing and frontal lobe deficits. 
In P. M. A. Rabbitt (Ed.), Methodology of frontal and executive function. Hove, UK: 
Psychology Press. 

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., & Wager, T. D. 
(2000). The unity and diversity of executive functions and their contributions to 
complex “frontal lobe” tasks: A latent variable analysis. Cognitive Psychology, 41(1), 
49–100.

R Core Team. (2023). R: A language and environment for statistical computing. Vienna, 
Austria: R Foundation for Statistical Computing. Retrieved from https://www.R-pro 
ject.org/.

Reynolds, C. R. (1997). Forward and backward memory span should not be combined for 
clinical analysis. Archives of Clinical Neuropsychology, 12(1), 29–40.

Rosseel, Y. (2012). lavaan: An R package for structural equation modeling. Journal of 
Statistical Software, 48, 1–36.

Sambol, S., Suleyman, E., Scarfo, J., & Ball, M. (2023). A true reflection of executive 
functioning or a representation of task-specific variance? Re-Evaluating the unity/ 
diversity framework. Acta Psychologica, 236, Article 103934.

Shors, T. J., Anderson, M. L., Curlik Ii, D. M., & Nokia, M. S. (2012). Use it or lose it: How 
neurogenesis keeps the brain fit for learning. Behavioural Brain Research, 227(2), 
450–458.

Soveri, A., Lehtonen, M., Karlsson, L. C., Lukasik, K., Antfolk, J., & Laine, M. (2018). 
Test–retest reliability of five frequently used executive tasks in healthy adults. 
Applied Neuropsychology: Adult, 25(2), 155–165.

Swann, C., Moran, A., & Piggott, D. (2015). Defining elite athletes: Issues in the study of 
expert performance in sport psychology. Psychology of Sport and Exercise, 16, 3–14.

Tabachnick, B. G., & Fidell, L. S. (2007). Using multivariate statistics. Boston: Allyn and 
Bacon. 

Vaughan, R. S., & Edwards, E. J. (2020). Executive function and personality: The 
moderating role of athletic expertise. Personality and Individual Differences, 161, 
Article 109973.

Vaughan, R. S., Hagyard, J. D., Brimmell, J., & Edwards, E. J. (2021). The effect of trait 
emotional intelligence on working memory across athletic expertise. Journal of Sports 
Sciences, 39(6), 629–637.

Verbruggen, F., Aron, A. R., Band, G. P., Beste, C., Bissett, P. G., Brockett, A. T., 
Brown, J. W., Chamberlain, S. R., Chambers, C. D., Colonius, H., Colzato, L. S., 
Corneil, B. D., Coxon, J. P., Dupuis, A., Eagle, D. M., Garavan, H., Greenhouse, I., 
Heathcote, A., Huster, R. J., … Boehler, C. N. (2019). A consensus guide to capturing 
the ability to inhibit actions and impulsive behaviors in the stop-signal task. Elife, 8, 
Article e46323.

Vestberg, T., Gustafson, R., Maurex, L., Ingvar, M., & Petrovic, P. (2012). Executive 
functions predict the success of top-soccer players. PLoS One, 7(4), Article e34731.

Woods, D. L., Kishiyama, M. M., Yund, E. W., Herron, T. J., Edwards, B., Poliva, O., … 
Reed, B. (2011). Improving digit span assessment of short-term verbal memory. 
Journal of Clinical and Experimental Neuropsychology, 33(1), 101–111.

Yong, A. G., & Pearce, S. (2013). A beginner’s guide to factor analysis: Focusing on 
exploratory factor analysis. Tutorials in Quantitative Methods for Psychology, 9(2), 
79–94.

Zelazo, P. D., Anderson, J. E., Richler, J., Wallner-Allen, K., Beaumont, J. L., 
Conway, K. P., Gershon, R., & Weintraub, S. (2014). NIH Toolbox Cognition Battery 
(CB): Validation of executive function measures in adults. Journal of the International 
Neuropsychological Society, 20(6), 620–629.

Ziv, G., & Lidor, R. (2021). Attentional focus instructions do not affect choice reaction 
time. Frontiers in Psychology, 12, 1649.

J. Brimmell et al.                                                                                                                                                                                                                                Psychology of Sport & Exercise 78 (2025) 102808 

10 

http://refhub.elsevier.com/S1469-0292(25)00007-X/sref24
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref24
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref24
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref25
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref25
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref25
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref26
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref26
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref26
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref27
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref27
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref27
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref28
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref28
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref29
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref29
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref29
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref29
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref30
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref30
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref30
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref30
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref31
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref31
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref31
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref32
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref32
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref33
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref33
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref33
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref34
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref34
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref34
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref35
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref35
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref35
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref36
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref36
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref37
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref37
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref37
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref38
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref38
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref38
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref38
https://www.R-project.org/
https://www.R-project.org/
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref40
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref40
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref41
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref41
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref42
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref42
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref42
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref43
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref43
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref43
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref44
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref44
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref44
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref45
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref45
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref46
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref46
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref47
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref47
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref47
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref48
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref48
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref48
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref49
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref49
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref49
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref49
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref49
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref49
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref50
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref50
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref51
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref51
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref51
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref52
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref52
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref52
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref53
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref53
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref53
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref53
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref54
http://refhub.elsevier.com/S1469-0292(25)00007-X/sref54

	The structure of executive functions in athletes: A latent variable approach
	1 Introduction
	1.1 Executive function and athletes
	1.2 Models of executive function
	1.3 The present study

	2 Methods
	2.1 Design and ethics
	2.2 Participants
	2.3 Measures
	2.3.1 Inhibition
	2.3.2 Shifting
	2.3.3 Updating

	2.4 Procedure
	2.5 Data analytic plan

	3 Results
	3.1 Correlations
	3.2 Confirmatory factor analysis
	3.2.1 Effectiveness
	3.2.2 Efficiency


	4 Discussion
	4.1 Model fit indices
	4.2 Factor loadings
	4.3 Applications for athletes
	4.4 Limitations

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	References


