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Abstract 20 

The investigation of Executive Functions (EF) has become a trending topic of investigation 21 
in sport science. This critical review provides a comprehensive synthesis of the underlying 22 
theory and the typical methodology (and problems with the methodology) in the 23 
interdisciplinary study of EFs as it relates to the two most researched questions within the 24 
sports literature: 1) if the engagement in sports and exercise can enhance EFs; and 2) if and 25 
how EFs contribute to superior performance/expertise in sports. A critical evaluation on 26 
theoretical and methodological work on EF shows numerous problems on how to 27 
conceptualize and measure the EF construct. These problems within the basic research on 28 
EF seem to be widely overlooked in the sport literature and have contributed to ambiguous 29 
empirical evidence on the question if sport and physical exercise can be used to train EF. 30 
Similarly, the second question ‘if EF contribute to superior performance in (some) sports’ 31 
has also received inconclusive empirical support. We conclude by pointing out avenues for 32 
future theoretical and empirical work regarding the important topic of EF in sport and 33 
exercise.  34 

 Keywords: Cognition, Working Memory, Inhibition, Expertise, Cognitive 35 
Training, Brain Training 36 
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A Critical Review of Research on Executive Functions in Sport and Exercise 39 

The investigation of Executive Functions (EF) has become a trending topic in sport science, 40 

probably because EFs have been proposed to be important for successful performance in almost 41 

every domain of human life and sport and physical exercise have been argued to be promising 42 

activities to improve EFs (Diamond, 2013 for a review). Despite the increasing research interest 43 

on EF in sport and exercise, this field of research has provided highly ambiguous findings and 44 

the answers to fundamental questions on EFs in sport and exercise remain highly controversial.  45 

Arguably, the most researched questions within the sports literature have been 1) if the 46 

engagement in sports and exercise can enhance EFs; and 2) if and how EFs contribute to superior 47 

performance/expertise in sports. Before we critically review the evidence base for these two 48 

broad questions, we will first argue that theoretical controversies and methodological issues have 49 

led to many misunderstandings and ambiguous findings on these two broad questions. Therefore, 50 

the central aim of this critical review is to provide a comprehensive review of the underlying 51 

theory, the typical methodology (and problems with the methodology) in the study of EFs as this 52 

literature is important to shed light on some of the controversies surrounding the research on EFs 53 

in sport and exercise and will likely help advance future research in this field. Given this 54 

overarching goal and diversity of studies covered in the present review, we adopted critical 55 

review methodology following the guidelines of Baumeister and Leary (1997; see also Furley & 56 

Goldschmied, 2021; Grant & Booth, 2009) instead of a systematic or meta-analytic form of 57 

literature review (Greenhalgh et al., 2018; Ioannidis, 2016). In contrast to previous literature 58 

summaries (e.g., Ludyga et al., 2020; 2022), the present critical approach attempted to zoom in 59 

on the theoretical background and overlooked methodological issues regarding the malleability 60 

of EF through sports and exercise (i.e., long term changes instead of cognitive effects of single 61 
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bouts of sport or exercise) in a novel attempt to scrutinize some widely held beliefs in the 62 

literature that have resulted in overly optimistic media reports and applied interventions. 63 

What are Executive Functions? 64 

The term EF first appeared in the neuropsychological literature in the eighties (Lezak, 1982), 65 

after researchers had started to use the term ‘executive’ when describing both frontal lobe 66 

functioning (Pribram, 1973) and mental control over lower-level cognitive abilities (Baddeley & 67 

Hitch, 1974). EFs are assumed to play a central role in human thought and behavior. They are 68 

typically described as a family of cognitive processes that enable humans to pay attention in a 69 

goal-directed manner, focus attention on the task at hand, reason and solve problems, choose 70 

between alternatives, exercise self-control and discipline, avoid being impulsive, see things from 71 

a different perspective, take alternatives into consideration, relate different ideas to one another, 72 

reflect on past occurrences, consider an imagined future, and update and adjust oneself flexibly 73 

to new information (Jacques & Marcovitch, 2010; Diamond, 2013).  74 

EFs are assumed to engage when behavior must be adjusted to novel, unanticipated 75 

circumstances and humans cannot rely on their automatic, instinctive or intuitive response 76 

tendencies. That is why EFs are often described as effortful. The interest in EFs arises from the 77 

fact that they are necessary for complex, intelligent behavior and humans have a limited capacity 78 

in their EFs, which is why individual differences in EFs have been shown to be highly correlated 79 

with academic achievement and life outcomes (Katz et al., 2018). In the literature, often three 80 

core EFs are distinguished from one another: Working memory (WM), inhibitory control, and 81 

cognitive flexibility (Diamond, 2013).  82 

WM can be defined as the cognitive mechanisms capable of retaining a small amount of 83 

information in an active state for use in ongoing tasks (Baddeley, 2007; Baddeley & Hitch, 1974; 84 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R132
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R170
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R10
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R10
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Conway et al., 2007; Cowan, 1995; Miyake & Shah, 1999). Hence, WM is of central importance 85 

to understanding cognition as it occurs in everyday life and scholars have attributed an important 86 

evolutionary advantage to species possessing the capacities of WM (Carruthers, 2013; Engle, 87 

2010). The most important advance of the WM model was the proposal of a system not only 88 

responsible for the storage of information but also for mechanisms of cognitive control and 89 

attention (Baddeley & Hitch, 1974; Baddeley, 2003) which made the model applicable to 90 

complex behavior. 91 

Inhibitory control involves self-regulation by controlling one’s attention, thoughts, and 92 

emotions. Typically, this involves overriding impulses resulting from internal or external 93 

stimulation and instead adjusting behavior in an intentional, goal-directed manner (Simpson et 94 

al., 2012; Diamond, 2013; Watson & Bell, 2013). Sometimes inhibitory control is further 95 

subdivided into response inhibition, which is sometimes also referred to as self-control and 96 

interference control (Diamond, 2020). Self-control or response inhibition is about suppressing a 97 

dominant response tendency where it is not appropriate and executing a more appropriate 98 

behavior. Interference control is more about controlling one’s thoughts and attention in a goal-99 

directed manner. Without the capacity of inhibitory control, humans would be ‘at the mercy’ of 100 

external and internal stimulation, like old habits or instincts (Diamond, 2020).  101 

The third core EF is cognitive flexibility and refers to the ability to flexibly switch 102 

between different mind sets or tasks and taking a different perspective on matters. Another 103 

aspect of cognitive flexibility is to quickly and flexibly adjust to new information and changing 104 

circumstances. It is assumed that cognitive flexibility builds on working memory and inhibitory 105 

control and therefore develops later (Diamond, 2013). In addition, it is believed to show much 106 

overlap with creativity and prevents human behavior from being rigid.  107 
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Figure 1. Executive Functions Model based on Diamond (2013) 108 

>>>>>>>>>>>>>>>>>>>insert Figure 1 here<<<<<<<<<<<<<<<<<<<<<<<<<<< 

 109 

The core executive functions—WM, inhibitory control, and cognitive flexibility—are 110 

theoretically assumed to underpin higher-order EFs such as reasoning, problem solving, and 111 

planning (Collins & Koechlin, 2012) which together comprise fluid intelligence. It seems 112 

intuitive that almost every aspect of human life would benefit from the capacity to adjust one’s 113 

behavior flexibly and appropriately to the demands of the situation instead of behaving 114 

impulsively in a rigid manner. For this reason, EFs have been called the ‘cognitive toolkit for 115 

success’ (Hendry et al., 2016) in various domains. Hence it is not surprising that there is 116 

substantial interest in improving and measuring EFs with a variety of methods.  117 

Controversy on the Conceptualization of the EF Construct 118 

Whereas pioneering EF scholar Adele Diamond (2013, p. 136) suggests that “there is general 119 

agreement that there are three cores EFs” (WM, inhibition, and cognitive flexibility) that 120 

constitute the core building blocks of higher-order EFs such as reasoning, problem solving, and 121 

planning, other scholars disagree with this component or modular view of EFs (e.g., Barkley, 122 

2012; Baggetta & Alexander, 2016; Karr et al., 2018). About 20 years ago, over 33 definitions 123 

for executive functions had already been suggested (Eslinger, 1996). A recent literature review 124 

(Packwood et al., 2011) identified vast amounts of disagreement in commonly used tests and 125 

labels with about 68 subcomponents of executive function (that could arguably be reduced to 18 126 

sub-components after accounting for semantic and psychometric overlap between terms). 127 

According to a recent systematic review (Karr et al., 2018), the terms most frequently 128 

encountered in the literature to label EF include planning, WM, fluency, inhibition, and set-129 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R66
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R163
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shifting (see also Packwood et al., 2011). However, this just means that these terms occur 130 

frequently in connection with EFs in the literature and not that there is general consensus. Hence, 131 

even after years of research the exact number of constructs rightfully labeled EFs remains largely 132 

unknown (Karr et al., 2018). 133 

As going into the details of this debate is beyond the scope of the present review, we will 134 

only briefly refer interested readers to literature supporting competing views on how to 135 

conceptualize EFs. Although, this debate has gone on for decades, there is still no consensus. 136 

Nevertheless, most definitions and conceptualizations describe EFs as a multidimensional 137 

construct (Barkley, 2012; Baggetta & Alexander, 2016; Jurado & Rosselli, 2007). A large body 138 

of literature has been summarized as the unity-but-diversity view and suggests that EF consists 139 

of related but separable components (e.g., Anderson et al., 2001; Asato et al., 2006; Bull & 140 

Scerif, 2001; Hughes, 1998; Huizinga et al., 2006; Lehto et al., 2003; Miyake et al., 2000; St. 141 

Claire-Thompson & Gathercole, 2006). Other research raises concerns regarding the modularity 142 

conceptualization of EFs (Bernstein & Waber, 2007; Wiebe et al., 2008) as latent variable 143 

analysis revealed that different subcomponents of EFs are very highly correlated and loaded onto 144 

one distinct latent variable.  145 

A recent comprehensive analysis (e.g. Karr et al., 2018) summarized the primary 146 

literature as providing some evidence for greater unidimensionality of EFs among 147 

child/adolescent samples and both unity and diversity among adult samples. The authors raise 148 

caution as they found low rates of model acceptance/selection which likely suggests bias towards 149 

the publication of well-fitting, but potentially non-replicable models with underpowered samples. 150 

Neurobiological Correlates and the Plasticity of Executive Functions 151 

Early neuropsychological studies, (e.g., Luria, 1966; Stuss & Benson, 1984) have suggested that 152 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R163
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R12
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R112
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R5
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R9
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R23
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R23
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R62
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R65
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R80
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R93
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R126
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R126
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R16
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R137
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R90
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R128
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the prefrontal cortex (PFC) plays a critical role in EFs. Without going into detail, EFs have been 153 

shown to depend primarily on the prefrontal cortex and interconnected brain regions like the 154 

anterior cingulate cortex and parietal cortex (Braver & Barch, 2002; Petrides, 2005; Aron, 2007; 155 

McTeague et al., 2017). Pertinent to the present review, the prefrontal cortex is not only the brain 156 

region that has evolved most recently, but also the brain region that takes the longest to fully 157 

mature, until the early to mid 20s (Fuster, 1997; Luna et al., 2004; Waxer, & Morton, 2011). Of 158 

further importance, the prefrontal cortex has been described as the most plastic brain area. This is 159 

supported by evidence showing that the prefrontal cortex, and the EFs that depend on it, are 160 

substantially affected by environmental factors like stress or social isolation (Baumeister et al., 161 

2002; Cerqueira et al., 2007; Cacioppo & Patrick, 2008; Arnsten et al., 2015; Hackman et al., 162 

2015; Harms et al., 2018). In addition, a growing body of research claims that it is possible to 163 

improve EFs throughout the lifespan via different pathways, for example via physical exercise or 164 

sports (Kramer et al., 1999; Diamond et al., 2007; Kovács & Mehler, 2009; Diamond & Lee, 165 

2011; Wass et al., 2011; Röthlisberger et al., 2012; Tennstedt & Unverzagt, 2013; Stepankova et 166 

al., 2014; Gothe & McAuley, 2015; Schonert-Reichl et al., 2015; Lind et al., 2018; Diamond & 167 

Ling, 2020). Before going into more detail of this literature, it seems necessary to describe the 168 

typical development of EFs.  169 

Development of Executive Functions 170 

As noted earlier, EF development seems strongly correlated to PFC development and has 171 

generally been described to involve both progressive changes like neuron proliferation, 172 

synaptogenesis, myelination, and regressive changes like cell death and synaptic pruning 173 

changes (Casey et al., 2006; O’Hare & Sowell, 2008). During normal EF development both 174 

progressive and regressive changes have been shown to occur concurrently, driven by both 175 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R28
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R101
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genetic and experiential factors to create an efficient neural network supporting EF (O’Hare & 176 

Sowell, 2008). 177 

Although the prefrontal cortex takes about twenty years to fully develop, this does not 178 

mean that EFs are absent or hardly developing during early developmental stages. To the 179 

contrary, evidence shows that the prefrontal cortex develops rapidly during early infancy (Hodel, 180 

2018) and that initial levels of prefrontal function are important for good cognitive functions 181 

across the life span (Lövdén et al., 2020). In the first two years of development the prefrontal 182 

cortex begins to organize and direct further cortical developments and connections throughout 183 

the brain (Hodel, 2018 for a review). Starting with the early work of Piaget about 80 years ago 184 

(Piaget, 1954) a growing body of research (Diamond, 2020 for a recent review) shows how goal-185 

directed behavior (i.e. executive or intentionally controlled) starts to develop in early infancy. Of 186 

further importance, correlational studies point to experiential effects on EFs during early infancy: 187 

e.g., benefits of bilingual exposure (Kovács & Mehler, 2009) or debilitative effects of early life 188 

stress (Hostinar et al., 2012). Two-to-three-year-old children are typically described as 189 

cognitively rigid and inflexible which has been linked to their stage of brain maturation. 190 

Substantial improvements can be seen in the transition from about three to five years (Diamond, 191 

2020). EFs have been shown to substantially improve during the early school years (Krikorian et 192 

al., 1994; Anderson et al., 1996) and continue to improve gradually through adolescence (Best & 193 

Miller, 2010; Best et al., 2009; Welsh et al., 1991; Krikorian et al., 1994).  194 

Beside evidence showing a protracted development and late maturation, EFs have further 195 

been shown to be highly vulnerable to age-related decline (Dempster, 1992; Jurado & Rosselli, 196 

2007). Research has suggested that around the age of 60 years, old adults show impairments on a 197 

variety of tasks that require EFs like measures of attentional control, response inhibition, 198 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R101
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2792574/#R101


Executive Functions      10 

planning, WM, set shifting, and verbal fluency (Bäckman et al., 2006; Jurado & Rosselli, 2007; 199 

Rhodes, 2004). Regarding the neural correlate of EF deterioration research suggests that this is 200 

most likely due to selective cell loss, dendritic deterioration, and chemical dysregulation in the 201 

PFC and hippocampus that is characteristic of normal aging (Burke & Barnes, 2006). 202 

Interestingly, non-executive cognitive measures like procedural memory, vocabulary, and 203 

numeric abilities are hardly affected by aging (Basak et al., 2008; Jurado & Rosselli, 2007).  204 

The Measurement of Executive Functions 205 

One of the many hotly debated aspects of EFs is how to measure these and which component(s) 206 

of EFs a task requires (e.g., see, for example, MacLeod et al. [2003] on the Stroop task and 207 

Roberts & Pennington [1996] on the antisaccade task). EF tests have a reputation for task 208 

impurity—this means that many other factors besides EFs explain performances on tests 209 

purported to measure EF (Burgess, 1997; Miyake & Friedman, 2012; Phillips, 1997). 210 

It is always important to remember that any test or assessment is an imperfect indicator of 211 

the underlying ability it is intended to assess. […] Low scores on any assessment measure 212 

can be obtained for any number of reasons other than a problem with the ability one 213 

intended to assess. […] Almost no EF measure requires only one EF. A child might fail a 214 

WM task because of problems with inhibitory control (not WM), fail an inhibitory 215 

control task because of WM problems, or fail a cognitive flexibility, planning, or 216 

reasoning task because of problems with inhibitory control or WM. (Diamond, 2020, p. 217 

221). 218 

Most objective measures of EFs use laboratory-based measures or computer-based 219 

methods that are relatively remote from everyday life. Another commonly used method 220 

amongst children are parent and teacher rating scales that are typically more subjective and 221 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R35
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R149
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6197939/#R167
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potentially biased (see online appendix for a list of measures for children and adolescents). 222 

However, these have the advantage to be more related of everyday life. Other behavioral 223 

measures like Mischel’s delay of gratification task have also been used as a pointer to 224 

children’s’ EFs, but recent research has shown that performance on these behavioral tasks are 225 

affected by various other factors besides EFs (Callan et al., 2009; Michaelson et al., 2013; 226 

Michaelson & Munakata, 2016). Hence, it seems to be a fair assessment that the measurement 227 

of EFs, also in relation to the developmental stage the study participants are in, remains a huge 228 

issue.  229 

Frequently Used Measures of EF.  230 

This list is not intended to be a comprehensive list to the numerous EF measures that have been 231 

used but is limited to frequently used behavioral measures of core EFs amongst adults that have 232 

been used in the sports literature (see online appendix for a list of measures for children and 233 

adolescents).  234 

Inhibitory Control. Psychological measures of inhibitory control include the Stroop task 235 

(e.g., MacLeod et al., 2003), Simon task (Hommel, 2011), Flanker task (Eriksen & Eriksen 1974, 236 

Mullane et al., 2009), antisaccade tasks (Munoz & Everling, 2004), delay-of gratification tasks 237 

(Kochanska et al., 2001, Sethi et al., 2000), go/no-go tasks (Cragg & Nation, 2008), and stop-238 

signal tasks (Verbruggen & Logan, 2008). 239 

Working memory. Complex span tasks (e.g., counting span or operation span (Conway et 240 

al. 2005) have often been used to assess WM. However, a problem with these tasks is that the 241 

typically require more subcomponents of EFs and have therefore been described as EF measures 242 

rather than WM measures (Diamond, 2013). Another common measure of WM are N-back tasks, 243 

although they also have the problem of requiring other EF subcomponents. Digit-span tasks that 244 
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require reordering of items compared to the presented order are also common WM measures. A 245 

widely used measure of visual-spatial WM is the Corsi Block test (Lezak, 1983). Plenty of 246 

computerized versions of WM tasks (including the Corsi and various digit span tasks) exist, e.g. 247 

the Automated WM Assessment (AWMA; Alloway 2007, Alloway et al. 2009), the CANTAB 248 

battery battery (Luciana & Nelson 2002).  249 

Cognitive Flexibility. Tasks measuring cognitive flexibility includes design fluency (also 250 

called the unusual uses task), verbal fluency, and category (or semantic) fluency (Baldo et al. 251 

2001; Baldo & Shimamura 1997; Chi et al. 2012). Another family of tasks used to measure 252 

cognitive flexibility are task switching and set-shifting tasks like the Wisconsin Card Sorting 253 

Task (Milner, 1964, Stuss et al., 2000). Today many alternative task-switching paradigms have 254 

been developed and have been used to assess cognitive flexibility (e.g., Monsell, 2003; Wylie & 255 

Allport, 2000; Zelazo et al., 2013).  256 

Factors affecting Performance on EF Measures 257 

As indicated earlier, performance on EF measures can be affected by many more variables than 258 

an individual’s actual EF ability. Research has shown that performance on EF measures declines 259 

when an individual is stressed (Arnsten, 1998, Liston et al., 2009, Oaten & Cheng, 2005), sad 260 

(Hirt et al., 2008, von Hecker & Meiser, 2005), lonely (Baumeister et al., 2002, Cacioppo & 261 

Patrick, 2008, Campbell et al., 2006, Tun et al., 2012), sleep deprived or tired (Barnes et al., 262 

2012, Huang et al., 2007), or not physically fit (Best, 2010, Chaddock et al., 2011, Hillman et al., 263 

2008). In addition, it has been argued that performance on EF tests is affected by placebo 264 

(Foroughi et al., 2016) and experimenter/Rosenthal effects (Jussim, 2017). That is, certain 265 

expectations by either the test taker or the person administering the test have the potential to 266 

affect the test score. Further variables like the motivation or task commitment of the test taker or 267 



Executive Functions      13 

a person’s self-efficacy have also been argued to be variables that are likely to affect a person’s 268 

test score (Furley et al., 2016). Hence, there is plenty of evidence and logical reasons to believe 269 

that a person’s EF scores will be influenced by many variables besides their EFs.  270 

The use of EF measures in sports.  271 

We do not seek to be comprehensive with regard to the EF tests that have been employed in 272 

contemporary research in sports but focus on some of the most commonly used ones to illustrate 273 

apparent issues with the use of these tasks in the context of sports. The goal is not to criticize the 274 

use of these tasks per se, but rather to highlight the limits on their utility of using these tasks as 275 

dependent measures in sports.   276 

Within the current debate on the crisis of confidence in psychology, which mainly refers 277 

to the fact that many findings within psychology do not replicate (Camerer et al., 2018; Open 278 

Science Collaboration, 2015), it has further been stated that psychology but also kinesiology 279 

suffer from an implausibly high positive result rate. Studies have shown that high-ranking 280 

journals in the respective disciplines exceed a positive result rate of 80%. In other words, 80% of 281 

the studies that were published were able to confirm their hypotheses (Twomey et al., 2021; 282 

Scheel et al., 2021). Compared to other publication formats such as registered reports, which 283 

show a positive result rate of 46%, the positive result rate of traditional articles is unusually high 284 

(Scheel et al., 2021). It would therefore be desirable to find registered reports on the topic of EF 285 

in sport and exercise in addition to traditional articles. Moreover, psychology suffers from a 286 

validation crisis (Schimmack, 2010, Schimmack, 2021). In this respect, Schimmack (2021) has 287 

noted that everybody would probably agree that good science requires valid measures. However, 288 

a critical assessment of the psychological literature indicates that many highly popular and 289 

frequently used measures in psychology have not been validated adequately (Schimmack, 2021). 290 
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In our opinion this critique applies well to the domain of EF. For example, a recent highly 291 

powered study (overall N = 2,641) comparing various measures that have all been used as 292 

proxies for an individual’s core EF of inhibition (the Self-Control Scale, the Stroop, and Flanker 293 

task; (Saunders et al.,2018) suggested little-to-no relationship between self-reported measures 294 

and performance on the Stroop and Flanker tasks, which have been argued to measure the same 295 

psychological constructs.  296 

Cremen and Carson (2017) have highlighted additional concerns regarding the use of 297 

behavioral response inhibition (e.g., Stroop or Flanker) tasks in the field of sport and exercise 298 

due to the motor component of these tasks. They, convincingly argue and report evidence 299 

showing that alleged improvements in people’s cognitive capacity of inhibition due to 300 

sport/exercise participation is likely due to a shared motor component of the cognitive task and 301 

the physical activity intervention and not due to improvements of an individual’s core EF (that 302 

per definition is divorced from motor influence). “Thus, when drawing inferences on the basis of 303 

the flanker task, and indeed response inhibition tests more generally, it is necessary to recognize 304 

that motor function is central to their interpretation” (Cremen & Carson, 2017, p. 3). Hence, it 305 

seems necessary to control for reaction times and movement times when using these tasks as 306 

measures for EF improvements.  307 

Without going into more detail here, the authors make similar arguments of other 308 

frequently used core EF measures that have only been validated to distinguish between 309 

pathological and healthy conditions and are therefore not valid to measure enhancements of EFs 310 

through sport and exercise interventions. For example, the Delis-Kaplan test batterie (D-KEFS; 311 

Delis et al., 2001) has frequently been used in the context of sport and exercise (Vestberg et al., 312 

2012, 2017, 2020), which has only been validated as diagnostic of clinical disorders and has been 313 



Executive Functions      15 

criticized based on its psychometric properties (Baron, 2004; Schmidt, 2003). A recent review 314 

study (Nyongesa et al., 2019) on the psychometric robustness of commonly used EF measures 315 

(with a focus on their use in adolescents) also raised questions regarding the validity and 316 

reliability of the measures used. Of the 705 studies included in the systematic review only 48 317 

studies even reported on aspects of reliability or validity, and over half of these studies that 318 

reported on psychometric properties utilized self-report scales. The authors conclude from their 319 

review “that there is just not enough validity and reliability data to support the use of measures 320 

of EF” (Nyongesa et al., 2019, p.149). While a similar argument has been made regarding the 321 

use of EF tests in the field of sport and exercise, we are not aware of much research that has 322 

explicitly targeted validity and reliability of EF tests in the context of sport. One recent exception 323 

(Finkenzeller et al., 2021) with the title “The design fluency test: a reliable and valid instrument 324 

for the assessment of game intelligence?” has zoomed in on this question by investigating 325 

psychometric properties of a commonly used test in the sport literature. In general, the 326 

psychometric properties were disappointing and based on test-retest reliabilities (ranging from (- 327 

0.08 to 0.72) the authors concluded that “… the findings on test–retest reliability indicate that the 328 

design fluency test cannot be recommended for application in sports” (Finkenzeller et al., 2021, 329 

p. 146).  330 

The Effects of Experience, Training, and Practice on EF 331 

A common belief is that ‘practice supposedly makes perfect’. However, it is less clear if 332 

practice also leads to tangible improvements in skills or even abilities that are not directly 333 

trained? Given findings that suggest that EFs are critically correlated with success in desired 334 

outcomes in life, like academic achievement, mental health, social functioning, and well-being it 335 

is not surprising that there have been substantial efforts in trying to improve and train EFs via a 336 
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variety of methods in various domains. However, findings on the effectiveness of these 337 

endeavors remain equivocal (Diamond & Ling, 2020; Redick, 2019; Titz & Karbach, 2014). 338 

While some scholars appear very optimistic and have no doubt that EFs can be improved via 339 

training (Diamond, 2013; Diamond & Lee 2011; Klingberg 2010) others are more skeptical 340 

(Katz et al., 2018; Moreau, 2022; Simons et al., 2016). Beside the theoretical and methodological 341 

problems regarding the construct of EF, one of the main reasons for this controversy is that it is 342 

difficult to judge whether interventions are effective above and beyond the influence of 343 

confounding factors (Diamond & Ling, 2020). Recent methodological advances have suggested 344 

that controlling for several confounding factors to detect “true moderate effect sizes” requires 345 

impractically large sample sizes (Westfall & Yarkoni, 2016). A related problem is that typical 346 

studies in this field of research test participants on a large number of EF tests but are usually very 347 

far from the sample sizes needed to conduct multiple comparison corrections. In addition, the 348 

controversy in this field of research is surely also affected by what has been termed “motivated 349 

reasoning” (Lord et al., 1979) which scientist are also affected by: “If they have strong beliefs or 350 

motivations inconsistent with the results of the study, they are easily able to find flaws. But when 351 

they wish to believe a finding, the flaws are less visible” (Katz et al., 2018, p. 9902).  352 

Brain Training 353 

The “brain-training industry” has grown to a multibillion Dollar market that capitalizes on the 354 

human tendency of trying to self-improve and is estimated to have a net worth of more than $8 355 

billion by 2021 (Ahuja, 2019; Harris et al., 2018). Especially in sports, “brain training programs” 356 

are promoted to enhance performance. Bailey et al. (2018) revealed that non-evidence-based-357 

ideas regarding the brain and “neuromyths” have a high prevalence among sport coaches, which 358 

could influence coaching philosophy or practice. Despite this growing popularity, the evidence 359 
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base of this field remains poor (Katz et al., 2018; Smid et al., 2020; Harris er al., 2018). “A 360 

cursory study of news articles seems to reveal a new “brain-training works” or “brain-training 361 

doesn’t work” headline every single week (Katz et al., 2018, p. 9897). Comercial cognitive 362 

training programs suggest scientific proofen benefits for basic cognitive tasks. However, 363 

scientific approaches to the subject show that “[…] there is a gulf between scientific findings and 364 

marketing claims” (Harris et al., 2018, p. 14), and companies like Lumosity had to pay millions 365 

in settlement fees for misleading advertising after research had shown (Kable et al., 2017) that 366 

the advertised brain training did not result in the promised effect (Ronson, 2017).  367 

Recent literature reviews conclude that there is general consensus that training activities 368 

can impact closely related domains (near transfer), but it remains very unclear if these training 369 

activities can lead to improvements in loosely related domains (far transfer; Diamond & Ling, 370 

2020; Harris et al., 2018). In three large-scale analyses, Sala and Gobet (2017, 2019; Gobet & 371 

Sala, 2022) dispute the existence of transfer effects after cognitive training like WM training. 372 

More specifically they suggest that the evidence shows that cognitive training does not enhance 373 

general cognition. In addition, they reveal substantial flaws and methodological shortcomings in 374 

the literature and show that effect sizes in favor of transfer effects are inversely correlated with 375 

the quality of the study. On the other hand, another meta-analysis that adopted a broader 376 

inclusion approach regarding the cognitive-training interventions (e.g., EF training, classroom-377 

based and game-based activities) did report evidence for far transfer across several domains 378 

(literacy, numeracy, language skills, IQ, and psychosocial outcomes; Smithers et al., 2018).  379 

Several review papers, that all agree upon the methodological limitations of the primary 380 

research in this field (Harris et al., 2018; Katz et al., 2018; Moreau, 2022; Simons et al., 2016) 381 

come to the conclusions that there is some evidence for near transfer, but that far transfer may 382 
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not be possible or at least that there is no evidence for this: “Specifically, I suggest that the 383 

purported cognitive improvements elicited by many interventions are not reliable, and that their 384 

ecological validity remains limited.” (Moreau, 2022, p. 1). Katz et al. (2018) also caution about 385 

the interpretation of finding improvements in EF measures due to some kind of intervention as 386 

these could have little to do with the actual intervention and—as discussed in the methodology 387 

section of the paper—could reflect other variables like positive mood, motivation, or a placebo 388 

effect.  389 

The Effects of Sport and Exercise on EFs 390 

In a much-cited review article, Diamond and Lee (2011) concluded optimistically that sport and 391 

exercise improved prefrontal cortex function and EFs. However, in 2019, Diamond and Ling 392 

(2019) seem far less optimistic about the effects of sport and physical exercise which becomes 393 

evident in the title of their paper “aerobic-exercise and resistance-training interventions have 394 

been among the least effective ways to improve executive functions of any method tried thus 395 

far”. This also shows in the title of a similar commentary article of Diamond (2014) “Whether 396 

coordinative (soccer) exercise improves executive functioning in kindergarten children has yet to 397 

be demonstrated”. However, Diamond and Ling (2019) emphasize that these provocative titles 398 

are not saying that physical activity does not benefit EFs, since they do think there is reason to 399 

hypothesize this, but they are saying that interventions used to try to prove that have generally 400 

produced disappointing results. As in the previous sections there again seems to be plenty of 401 

controversy and ambiguous results regarding the effects of sports and exercise on EFs. Opposing 402 

positions in the dispute are nicely summarized in Hillman et al. (2018) and Diamond and Ling 403 

(2019).  404 
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In the next sections, we will review the existing primary evidence on the effects of 405 

different forms of sport and exercise across various age groups. A large body of research has 406 

targeted child and adolescent populations as neuroscientific research has suggested that this 407 

developmental window poses a great opportunity for experience-dependent brain plasticity 408 

(Giedd et al., 1999) and it has been argued that the structural and functional organization of the 409 

brain can be positively influenced through sport and physical activity (Kobilo et al., 2011). This 410 

line of reasoning has led researchers to propose that sport and physical activity in early 411 

childhood and adolescence will enhance EFs, and, in turn, positively influence school and 412 

academic achievement (e.g., Singh et al., 2019). This claim has also been used as a ‘sales pitch’ 413 

to promote physical education classes in schools (Dalziell et al., 2015; Kubesch, 2008; Kubesch, 414 

& Walk, 2009; Kubesch et al., 2009; Van der Niet et al., 2014), physical activity breaks (Egger 415 

et al., 2019; Van den Berg et al., 2019) and classroom-based physical activity (Have et al., 2018; 416 

Vazou & Smiley-Oyen, 2014) and is therefore found in the curricula of various educational 417 

institutions around the world (Singh et al., 2019 for a review). Unfortunately, the evidence base 418 

for this claim is less clear than it is often portrayed both in the scientific literature and the media.  419 

Various studies and reviews have been published on this topic in the past two decades 420 

(e.g., Alvarez-Bueno et al., 2017; Castelli et al., 2014; Donnelly et al., 2016; Hillman et al., 421 

2008; Sibley & Etnier, 2003; Singh et al., 2012; Vazou et al., 2019) and have widely concluded 422 

that sport and physical activity is positively associated with cognition, brain health, and 423 

academic performance. However, these summarizing reports were not very critical about the 424 

quality of the primary evidence that apparently backed up this conclusion. This was agreed upon 425 

by an expert panel (Singh et al., 2019) who revisited the primary evidence (including 58 studies) 426 

in an attempt to critically evaluate the methods used in this field of research in an attempt to 427 
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come up with an expert panel statement. The short version of the statement reads: “there is 428 

currently inconclusive evidence for beneficial effects of PA interventions on cognitive and 429 

overall academic performance. […] … more ’high-quality’ research is warranted” (p. 640). 430 

Another systematic review on the subject confirms the controversy surrounding the positive 431 

relationship between sport and academic achievement, but shows that an increased curricular 432 

emphasis on physical education at the expense of other subjects does not seem to hinder overall 433 

academic achievement (Trudeau & Stephard, 2008). Apart from the controversy surrounding a 434 

positive relationship or beneficial evidence, Singh et al. (2019) also confirms that none of the 435 

studies examined report a negative effect of sport on cognition or academic performance. 436 

In the largest systematic review including 179 studies on EF interventions, Diamond and 437 

Ling (2020) critically evaluated all peer-reviewed published (in English) intervention studies that 438 

had at least one objective EF outcome measure, had at least eight people per group, included a 439 

control group, and compared EF improvement and/or posttest performance in the experimental 440 

and control groups. In addition, the research design had to be experimental and not correlational 441 

and the intervention had to include more than one single session. Further, the study did not 442 

include clinical groups (e.g., brain damage or dementia) and the focus was on typically 443 

developing participants. Based on this analysis, the authors came to the conclusion that exercise 444 

interventions and resistance training were the least effective methods for improving EFs of any 445 

method tried. Nevertheless, this does not mean that there was no evidence for sport and exercise 446 

interventions. In their review they found that 43% of the studies on aerobic exercise 447 

interventions and 22% of resistance training studies found at least suggestive evidence that these 448 

interventions improved EF from pre- to post-test. They define suggestive evidence as greater 449 

improvement or better EF performance than the control group on at least 50% of the EF 450 
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measures used in the study. However, when using stricter criteria as to what counts as evidence 451 

(i.e., more EF improvement and better EF post-test performance than control group on ≥67% of 452 

measures) they only conclude that 7% of the exercise studies and 0% of the resistance training 453 

studies provide evidence that these interventions improve EFs. The authors emphasize that these 454 

findings should not be interpreted in the way that sport and exercise do not have positive effects 455 

on cognition and mental health in general, but that experimental evidence for benefits on EFs is 456 

very weak and have generally shown “disappointing results” (Diamond & Ling, 2019. p. 1). This 457 

finding stands in strong contrast to much of the hype in the popular press and even some 458 

influential reviews in high-profile journals, that claim that sport and exercise consistently 459 

improve EFs. Diamond and Ling (2020) mention that results are slightly better for aerobic 460 

exercise with more cognitive or motor-skill challenges (e.g., sport games like basketball), 461 

suggesting that the type of intervention might be of importance (we will return to this point 462 

later).  463 

On the one hand, there are many correlational findings, suggesting that people who are 464 

more physically active and have better aerobic fitness have been found repeatedly to have better 465 

EFs than those who are more sedentary (in children: Fedewa & Ahn, 2011; Gapin & Etnier, 466 

2010; Hillman et al., 2005; Scudder et al., 2014; Sibley & Etnier, 2003; in older adults: Boucard 467 

et al., 2012; Chang et al., 2012; Colcombe & Kramer, 2003; Voelcker-Rehage et al., 2011; at all 468 

ages: Etnier et al., 2006; Prakash et al., 2015). This might suggest that there may be EF benefits 469 

from sport and physical activity that experimental studies have not been capturing. A further 470 

explanation for the discrepancy between experimental and correlational findings might be due to 471 

one or more other variables: e.g., potentially people who are more physically fit tend to eat better 472 

or are healthier in general. In addition, there is evidence showing that aerobic exercise improves 473 
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mood (Khatri et al., 2001; Lane & Lovejoy, 2001; Williamson et al., 2001) and/or helps people 474 

sleep better (Foti et al.,  2011; Loprinzi & Cardinal, 2011). As all these variables have been 475 

positively linked to EF (e.g., Borges et al., 2013; Hirt et al., 2008), it seems likely that some of 476 

the correlational variance between physical activity and EF is explained by confounded 477 

variables.  478 

Another line of research worth discussing here are studies that show structural and 479 

functional brain changes in areas correlated with EFs as an effect of physical activity and sports 480 

(Donnelly et al., 2016; Mehren et al., 2019; Weinstein et al., 2012; summarized in Hillman et al., 481 

2019). Some authors have argued that an effect on the brain is relevant to EFs, because EFs 482 

depend on prefrontal cortex (PFC) and other interrelated neural regions. However, we agree with 483 

Diamond and Ling (2019) that it is not warranted to conclude that an intervention that produced 484 

a change in PFC or other interrelated structures, necessarily improves EFs: “It is a basic and 485 

important principle that brain changes should not be over-interpreted as ipso facto indicating 486 

cognitive improvements” (p. 3). Hence, we consider it vital that improvements in EFs need to be 487 

empirically demonstrated since many intervention studies (e.g., Chaddock-Heyman et al., 2013; 488 

Rueda et al., 2005) showed changes in neural activity with no discernible improvement in EFs. 489 

There are many reasons for this dissociation: the brain changes might not be beneficial (e.g., 490 

Poldrack, 2015), they might not be substantial enough to affect EFs, or the change might not be 491 

relevant to improve EF, to just name a few. 492 

Finally, Diamond and Ling (2019) also mention the possibility that the causality between 493 

sport or physical activity and EF might go in the opposite direction contributing to the positive 494 

correlation between these two variables. That is, a person that exercises regularly or plays sports 495 

on a regular basis likely needs good self-control capabilities like inhibitory control to avoid 496 
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sedentary behavior and engage in more effortful physical activity (see Cheval et al., 2020, 2021a, 497 

2021b). Similarly, it has been suggested that demands of some sports, especially team-sports like 498 

soccer or basketball require high EF functioning. Hence, it has been suggested that expert team 499 

sport athletes will likely also have superior EFs either via a selection process (i.e., athletes with 500 

good EF are more likely to be selected for teams and persist in in the effortful training activities) 501 

or via the training effects (i.e. the frequent exposure to the training demands within the sports 502 

improve the EFs). The model of physical activity adoption and maintenance also supports this 503 

assumption. It assumes that if explicit processes (e.g. self-regulation, executive functions) are 504 

high, physical activity can be maintained even against "negative" implicit processes (e.g. habit, 505 

affect or the impulse to rest on the couch). In other words, when self-control or EF are high 506 

(explicit processes), implicit processes can influence but not overpower them (Strobach et al., 507 

2020). In the next section, we will review the evidence on the relationship between EFs and sport 508 

performance.  509 

EF and sport performance.  510 

Research has not only investigated if sport and exercise have the potential to improve EFs but 511 

has also suggested that success in sports is associated with superior EFs. The logic behind this 512 

research typically goes something like this: Playing sport at the highest level requires a wealth of 513 

cognitive functions such as attention, decision making, and WM to be functioning at optimal 514 

levels in highly challenging environments. As EFs have been linked to all of these facets of 515 

behavior, the most successful players should also test high on EF measures. Initially, this line of 516 

reasoning seemed to have been supported by several empirical studies.  517 

A first study that got a lot of media attention (Vestberg et al., 2012) reported that 518 

professional soccer players had higher scores on a standardized measure of executive functioning 519 
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(D-KEFS; Delis et al., 2001) than lower level soccer players and a standardized norm population 520 

(tested several decades ago). Intriguingly, test scores of the professional soccer players were also 521 

predictive of the goals scored and assists of the tested soccer players two years later (based on a 522 

partial correlation of the square root of the goals/assists and the test scores). These findings led 523 

the authors (Vestberg et al., 2012, p. 1) to suggest that “many of the required skills in team sports 524 

may be translated to general cognitive domains where test results can be compared to a 525 

population norm. A good team player could be characterized by excellent spatial attention, 526 

divided attention, WM, and mentalizing capacity.” 527 

Although the same group of authors (Vestberg et al., 2017, 2020) and others (Romeas et 528 

al. 2016; Huijgen et al., 2015; Verburgh et al., 2014) claim to have found further evidence for a 529 

positive relationship between EF and success in elite sports, we consider the evidence for this 530 

relationship weak as it depends on low sample sizes, does not control for multiple statistical tests 531 

and only finds significant differences on a few EF tests. Not surprisingly, other studies fail to 532 

find such association and come to the conclusion that EF are not associated with superior 533 

performance in sports (Beavan et al., 2020a, 2020b; Furley & Memmert, 2010).  534 

However, meta-analytical evidence (Kalen et al., 2021; Scharfen & Memmert, 2019; 535 

Voss, et al., 2010) on the sport/EF relationship (among other cognitive measures) find small-to-536 

medium effects indicating that expert athletes perform better compared to non-expert or novice 537 

groups on measures of Efs. Yet, one of our central points here is that methodological flaws and 538 

measurement problems have been a great issue in the primary studies that have fed into the meta-539 

analysis. In addition, Furley and Memmert (2011) have pointed out that publication bias is an 540 

important phenomenon when attempting to draw conclusions on the relationship of sporting 541 

success and EFs. According to Riniolo (1997), publication bias is defined as the increased 542 
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likelihood of publishing a manuscript reporting statistically significant—e.g. differences between 543 

expert and novice athletes—rather than non-significant results. Publication bias is caused by both 544 

a submission bias which occurs before the review process and a selection bias that occurs during 545 

the review process (Cooper et al., 1997). Evidence for this phenomenon has not only been found 546 

in psychology but also in medicine and biology (Sterling et al., 1995; Cumming et al., 2007). As 547 

a result, publication bias can be responsible for an effect in the literature which actually does not 548 

exist, or for distorting the effect size in the literature (Rosenthal, 1979). Besides the well-549 

documented problem of publication bias with meta-analysis many more problems with this 550 

technique have become evident in recent years leading to meaningless and misleading 551 

conclusions (Simonsohn et al., 2022). Therefore, the small-to-medium effects in the meta-552 

analytic evidence may actually represent a much smaller effect or no effect at all as the primary 553 

literature is distorted due to publication bias and low quality primary research which is 554 

meaninglessly averaged in meta-analyses.  555 

Publication bias might be the reason for a significant effect in the meta-analysis (Kalen et 556 

al., 2021; Scharfen & Memmert, 2019; Voss, et al., 2010) but this phenomenon cannot explain 557 

why some studies find an effect of sport expertise e.g. on executive functions (e.g. Vestberg et al., 558 

2012, 2017, 2020) whilst other studies fail to find such an effect (Beavan et al., 2020a, 2020b; 559 

Furley & Memmert, 2010). A potential alternative explanation for significant effects of sport 560 

expertise on EFs might again be confounding variables associated with sport expertise. An 561 

important confounding variable that requires careful attention when studying the relationship of 562 

sport and cognition is health related variables like physical fitness, as we have argued in the section 563 

before. For example, aerobic fitness, sleep quality, a healthy diet, positive mood have all been 564 

shown to correlate with EF and these (arguably) also correlate with successful sport performance. 565 



Executive Functions      26 

Hence, it again seems feasible that a positive relationship between EF and successful sport 566 

performance might be explained by such confounding variables. In addition, the typical between-567 

group design employed in this line of research bares the risk for further alternative explanations 568 

for potential group differences between high-level athletes, and low-low level athletes or novices 569 

(Furley et al., 2016). For example, experimenter effects (Jussim, 2017) could be a problem if elite 570 

athletes are treated differently during the tests compared to novice participants. Also, elite athletes 571 

might be more ambitious to perform well in these cognitive performance tests compared to novice 572 

control groups.  573 

Unfortunately, experimental evidence is unavailable and hard to optain in determining the 574 

role of EF in sport performance. However, improvements in the primary research—e.g. increased 575 

statistical power, better control of confounds, longitudinal designs—would allow to gain a better 576 

understanding on the relationship between EF and sport performance, potentially by using novel 577 

analytic techniques from the big data movement like the directed acyclic graph (DAG; Shrier & 578 

Platt, 2008). 579 

Discussion 580 

The central aim of this critical review was to provide a comprehensive review of the underlying 581 

theory and the typical methodology (and problems with the methodology) in the interdisciplinary 582 

study of EFs as a basis for assessing the evidence on the two most researched questions within 583 

the sports literature: 1) if the engagement in sports and exercise can enhance EFs; and 2) if and 584 

how EFs contribute to superior performance/expertise in sports. Theoretical and methodological 585 

work on EF shows little consensus on how to conceptualize and measure the popular EF 586 

construct. These problems within the basic research on EF have spilled over to applied fields like 587 

sport and exercise psychology as the literature review on the question if sport and physical 588 
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exercise can be used to train EF has yielded inconclusive results. Similarly, the second question 589 

related to if EF contribute to superior performance in (some) sports has also received 590 

inconclusive empirical support.  591 

There has been quite a hype regarding the prospect that sports and physical exercise have 592 

the potential to improve EF which in turn will positively affect performance and well-being in 593 

other domains. This hype has led to sport programs and even PE classes to be advertised as 594 

methods to improve children’s (e.g., Kubesch & Walk , 2009) and adult’s EF (e.g., Kubesch, 595 

2008). However, a critical look at the scientific evidence shows a dissociation between the entire 596 

evidence base and claims made in individual studies or press releases. This discrepancy between 597 

scientific evidence and press releases has been reported to frequently occur (Sumner et al., 2014) 598 

and poses an important problem when translating science into evidence-based practice. 599 

Additional evidence showing that most readers gloss over the details and focus on the main 600 

claim when reading about scientific studies (Norris et al., 2003) might contribute to the problem 601 

that some popular beliefs in the public are not backed up by the scientific evidence. In addition, 602 

studies “that are most likely to appear in the press or high-impact journals are those that have 603 

novel, unexpected, and clearly impactful results. Studies with null effects, or those that replicate 604 

and incrementally test the boundary conditions of a finding, are perceived as much less valuable” 605 

(Katz et al., 2018, p. 9902). Hence, we consider it unwarranted at present to sell sport and 606 

exercise interventions as domain-general EF training. We do not doubt that sport and exercise 607 

has numerous positive outcomes that have the potential to contribute to mental health and 608 

cognitive functioning. Also, single bouts of sport and exercise in school might have positive 609 

effects on immediate cognitive performance (e.g., Singh et al., 2012; 2019). Nevertheless, the 610 

scientific evidence at present does not support a simple causal effect of sport or exercise 611 
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interventions on enhanced EFs. To address this, future research should take a more mechanisitic 612 

approach to establishing proposed relationships between interventions, changes in brain function 613 

(e.g., neurogenesis, angiogenesis, brain-derived neurotrophic factor) and improved EFs. In the 614 

same vein, consideration of potential moderating variables of these relationships (e.g., age, sex, 615 

genetic differences, the type of exercise/sport and the intensity of such activity) would also be 616 

worthwhile.  617 

Similar to the suggestion by Katz et al. (2018) we consider the overarching research 618 

question of “does sport and exercise improve EF?” as similarly inappropriate to the question 619 

“Does medicine cure disease?”. Given the diversity of sport and exercise activities and measures 620 

of EF it is unlikely to gather sufficient evidence either in favor of the alternative hypothesis (i.e., 621 

yes) or the null-hypothesis (i.e., no). To improve matters, more differentiated research questions 622 

and theorizing is needed. In this respect, Smid et al., (2020) make some valuable suggestions in 623 

their position paper “Toward a science of effective cognitive training”. For example, they 624 

suggest that it is necessary to further the understanding of the true relationship between training 625 

mechanisms and outcome variables, which is highly complicated, particularly due to the task-626 

impurity problem in the measurement of EFs (Kane & Engle, 2003; Miyake & Friedman, 2012). 627 

Its would also be worthwhile to examine how the relationship between sport engagement and 628 

EFs influence each another over time in more longnituinal research, which is servely lacking in 629 

this area. Another problem, that is often not taken into account in training studies is evidence 630 

showing that individuals tend to respond differently to the same training intervention (Smid et 631 

al., 2020). Factors like age, baseline ability, motivation, personality, and genetic predisposition 632 

(Strobach & Karbach, in press), have been shown to influence training effects. In particular, 633 
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research suggests that especially low-performing and at-risk individuals are likely to benefit 634 

more from EF training (Karbach et al., 2017).  635 

As in fields of medicine, which have embraced the necessity of personalizing treatment, 636 

researchers in the field of cognitive training need to consider differences in variables such 637 

as baseline ability, motivation and affect, genetic predisposition, environmental 638 

experience, and lifestyle as well as developmental stage and individually and 639 

developmentally relevant goals (Smid et al., 2020, p. 4). 640 

Diamond and Ling (2021, p. 501) also suggest that different sporting activities will likely 641 

differently affect EF. They consider that the activities that will most successfully improve EFs 642 

will include each of the following elements: “(1) tax EFs, continually challenging them in new 643 

and different ways, (2) be personally meaningful and relevant, inspiring a deep commitment and 644 

emotional investment on the part of participants to the activity and to one another, (3) have a 645 

mentor or guide who firmly believes in the efficacy of the activity and sincerely cares about and 646 

believes steadfastly in the individual participants, and (4) provide joy, reduce feelings of stress, 647 

and inspire self-confidence and pride” (see Pesce, 2012 for a similar perspective). 648 

Regarding the ambiguous findings on correlations between sporting success or sporting 649 

expertise and executive functions, we share the skepticism of colleagues who warn of the 650 

premature use of EF tests in talent identification (Beavan et al., 2020a, 2020b). As it is currently 651 

not sufficiently empirically established if and how EF contribute to successful sporting 652 

performance and if EF can be considered a limiting factor of sport performance, we do not 653 

consider it advisable to screen for EF within talent identification or talent development programs 654 

in sport. For similar reasons, we would currently not recommend athletes, coaches, or sport 655 

teams to invest training time and other valuable resources in commercially available EF training 656 
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(e.g., cogmed.com) as there is no empirical evidence that this is likely to improve sport 657 

performance (Walton et al., 2018).  658 

In conclusion, sport and exercise are an unlikely panacea in the quest of enhancing EF. 659 

We consider the state of affairs similar to that in the general cognitive training literature that is 660 

nicely summarized in the closing section of Katz et al. (2018, p. 9903):  661 

We assert that we still do not have definitive answers to questions regarding training and 662 

transfer. Researchers may not have the answers 100 y hence. But if we keep asking, 663 

simply, “Does cognitive training work?” rather than investigating the mechanisms of 664 

transfer within a coherent theoretical framework, we will never have them at all. How 665 

many more studies of this nature must be completed before we start asking the right 666 

questions”.   667 
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