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Cognitive training primarily aims to improve executive functions (EFs). It has become a popular research topic, as previous studies have provided preliminary evidence that EFs relate to sports performance. However, whether a domain-generic cognitive training intervention can improve EFs in high-performance athletes is still unclear. The present randomized controlled study aimed to examine the effects of an eight-week (5 min/day, 5 days/week) smartphone-based domain-generic cognitive training intervention (i.e., the smartphone game “Fruit Ninja”) on EFs in youth soccer athletes (N = 33; intervention: n = 15, passive control: n = 18; German youth soccer academy). We assessed working memory (3-back task), inhibition (Flanker & Go/NoGo task), and cognitive flexibility (number-letter task) in a pre-post design with computerized tasks. The results showed no significant time x group differences attributable to the cognitive training between the intervention group and the control group, except for a response time variable of the Go/NoGo task. These preliminary results do not suggest an application of CT as a smartphone-based game to improve EFs performance in soccer players. However, more research is needed to establish the efficacy of domain-specific interventions in high-level team sport athletes.
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1. Introduction

Cognitive training, especially the improvement of executive functions (EFs), has been a growing research topic in recent years (1). EFs, which refer to inhibitory control, working memory, and cognitive flexibility (e.g., see 2), enable us to think before acting, inhibit non-relevant information, resist temptations or impulsive reactions, and flexibly adapt to changed affordances as well as requirements in a varying environment (3). Moreover, EFs are related to intellectual achievements, physical and mental health, wealth, and overall quality of life (2, 4). Additionally, in the context of sports, recent studies have shown that EFs can predict sports performance (5–7), sports participation (for review, see 8) and physical activity (for reviews, see (9–12). Particularly in soccer, the relevance of cognition has been demonstrated (13–15). Overall, these notions demonstrate the importance of EFs in various aspects of daily life (2) and sports performance (e.g. 6), and thereby, suggest the potential lying in the development and improvement of EFs.

According to the cognitive skill transfer hypothesis (16), cognitive skills are either transferred only in the same context to similar tasks (near transfer) or could be generalized and transferred to far contexts (broad transfer or far transfer). Some studies postulate that a far transfer is relevant in predicting real-world performance (e.g., sport-specific context; 17). It can be argued that this far transfer may be related to athletes' expertise, that in turn might differently affect EFs. In other words, there is evidence that athletes with higher expertise in their sport tend to show higher EFs performance with respect to their lower expertise peers (8). In addition, Romeas et al. (18) focused on the far transfer of the developed domain-generic cognitive skills to the sporting domain (sport-specific domain). They found that a cognitive training (CT) task (i.e., Neurotracker software; 19) improved passing decision-making accuracy in soccer players. In this way, the authors showed the transferability from a domain-generic CT task (i.e., a 3-dimensional multiple object tracking task) in a laboratory situation to a sport-specific performance task (i.e., passing accuracy) as a far transfer. However, it remains unclear whether domain-generic CT could improve EFs that are relevant for sports performance (i.e., near transfer; e.g., 6) in high-level athletes.

Many studies have reported improvements in EFs using domain-generic commercial cognitive training tools (i.e., Cognifit, Cogmed, Lumosity, Neurotracker; for review, see (1). This means that EFs are generally trained using tasks that are also general. For example (20), showed that a domain-generic CT (i.e., “Nintendo Brain Age”) leads to improved working memory (i.e., backward digit span task). However, despite the evidence of the positive effects of different CT interventions or training devices (i.e., 21, 22), the debate about the effectiveness of CT on children (23), adults (24, 25), and older adults (21, 26, 27) is still ongoing. Brain training apps have mostly failed to demonstrate cognition benefits that effects are largely domain-specific and do not translate to the real world (28, 29). More importantly, in the sporting context, a gap exists in the knowledge about the effectiveness of domain-generic CT on high-performance athletes. Considering the importance of perceptual-cognitive skills in team sports (30, 31), investigating the potential positive effect of domain-generic CT on EFs in high-level athletes might be useful for identifying strategies to improve the cognitive domain related to sports performance (13, 15). Thus, the current randomized, controlled study aims to investigate the effects of a low-cost, smartphone-device CT intervention on EFs in young, high-level soccer players.

The transfer of cognitive skills can be expanded on the transferability of skills learned or trained with domain generic CT to a sports context (see 18). However, there is a lack of knowledge about whether improving EFs by CT tasks could impact domain-generic EFs that are relevant for sports performance (e.g., inhibition; see 6). Thus, the question of whether domain-generic CT can improve EFs (basal cognitive functions) in athletes needs to be answered, especially because athletes are a specific population, particularly when considering EF performance (e.g., 8).

In detail, studies have found that athletes have superior EFs compared to non-athletes (for review, see, 8). Various scientific working groups suggest that EF performance results from affordances in a particular sport (32–34). Athletes, especially open-skill sports athletes, must rapidly adapt, inhibit pre-existing actions or responses, and change strategies (35, 36). Based on the findings that athletes have greater EFs than non-athletes, these EFs might not be easily improvable due to possible ceiling effects (37). In addition, athletes are highly physically active. As many studies show physical activity effectively supports EFs with respect to cognitive functions in different samples, such as healthy subjects (38), children (i.e., 6–13 years), and older adults (>50 years; review by (39), as well as patients with various diagnoses (40), the high physical activity could lead to the minimized effect of CT in athletes. On the other hand, meta-analytic evidence from studies investigating the effects of exercise on cognition demonstrates relatively similar effects across fitness levels (41), with the largest effects (d = 0.331) observed among individuals with a high fitness level. This evidence would suggest that despite high levels of physical activity, benefits for cognition may still be possible.

In addition, methodological issues have become apparent based on Harris's et al. (1) recent review. Even though Harris et al. (1) found training programs effective, especially when diagnostic tasks are similar to training tasks, evidence for CT improving performance on closely related tasks is sparse (17). Thus, the positive effects of a well-trained task might be due to the phenomenon of teaching to the test (42), meaning that the training task is too similar to the diagnostic task. Therefore, results showing improvements might have occurred due to training the same tested task rather than the concept under investigation (e.g., inhibition). The current study tries to avoid this methodological issue by providing a domain-generic training task that is only conceptually related to the diagnostic of EFs, especially inhibition. In other words, the athletes participating in this study practiced a domain-generic task (i.e., “Fruit Ninja”), and well-accepted computerized diagnostic tasks (i.e., Flanker task, number-letter task, n-back task) were used to test the changes in EF performance.

Overall, this current study aimed to examine the effects of a short-term (i.e., eight weeks) domain-generic CT (by smartphone app) intervention on EFs in young soccer players. Identifying whether a smartphone game might impact EFs relevant for in-game performance in a youth soccer player sample could favor the near transfer to soccer training. We hypothesized that this short-term domain-generic CT intervention using a smartphone app will lead to improvements in EFs. In detail, we assume that the effect is predominant for inhibition (Flanker task and Cued Go/NoGo task) as the tasks in “Fruit Ninja” have similarities with the Flanker task as they require inhibiting distractors (e.g., do not hit the “bombs” appearing on the screen). In addition, the game requires a Go or NoGo decision (Cued Go/NoGo task) because sometimes only distractors appear on the screen that are not to be touched (i.e., NoGo part). Further, we predicted the task to affect the young athletes' working memory by only a small degree because the task does not train the storage of information in working memory as, for example, a memory puzzle game would (22). Finally, we predicted that the intervention has relatively minor effects on cognitive flexibility as the task does not require different or switching strategies or task affordances.



2. Methods


2.1. Participants

An a priori statistical power analysis (F-test, MANOVA, repeated measures, within-between interaction) was conducted for sample size estimation based on the effect size of (43); N = 85, η2 = 0.17; Cohen's f = 0.47). Thus, with an alpha of 0.05 and a power of 0.80 for two groups, the sample size needed for the current study (calculated with G*Power 3.1) was N = 32.

Thirty-three youth soccer players aged 16–19 on average (mean = 17.03; SD = 0.94; first sample size was 40) volunteered to take part in this study (Figure 1). The players were from Germany's highest national league (Jugend A/B Bundesliga, U17-19). The players were randomly assigned to an intervention group (named IG; n = 15) or a passive control group (named CG; n = 18). The randomization was performed by Research Randomizer (https://www.randomizer.org/; 2 sets with 20 numbers describing the participants ID number; n = 40). Five players were excluded because they did not complete the intervention, as they either left the club (n = 4) or decided not to participate in the study (n = 1; see Figure 2). Five of the 15 in the IG and eight of the 18 players in the CG stated that they regularly play games on their computers or smartphones, showing no significant difference (χ2 = 0.424, p = 0.08, V = 0.03). The games played by the participants in the IG were exclusively sports games. Seven participants in the CG played sports games, one played ego shooter games, and two played role-playing games. The study protocol was in accordance with the ethical standards of the APA and the Declaration of Helsinki. The study was approved by the university's ethical committee (approval number of the ethical committee: 32/16). Informed consent was obtained from all the participants or their legal representatives. The authors declare that they comply with the Transparency and Openness Guidelines of the APA and will provide their data upon request. Age, body mass, body height, and gaming habits, did not significantly differ between groups (see Table 1).
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FIGURE 1
CONSORT flow chart.
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FIGURE 2
Executive function measurements: (A) Cued Go/NoGo task, (B) 3-back task, (C) Flanker task, (D) number-letter task.



TABLE 1 Anthropometric characteristics and gaming habits.
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2.2. Measurements

The EFs were measured by computerized tasks using Inquisit Lab 6 (Millisecond Software LLC, Seattle, WA, USA) on a 17-inch screen and a QWERTZ keyboard.


2.2.1. Inhibitory control

The Flanker task (44) and the Go/NoGo task (45) were used to assess inhibitory control.

For the Flanker task, the participants had to respond to a stimulus with five black arrows (four distracting arrows and the middle arrow as the target arrow) on a white background. For the congruent trials, all the arrows pointed in the same direction, and for the incongruent trials, the middle arrow pointed in the direction opposite to the distraction arrows (please see Figure 2A). In addition, the participants had to respond with the “I”-button if the target arrow pointed to the right and the “E”-button if it pointed to the left. The task consisted of four practice trials followed by 72 test trials (48 congruent and 24 incongruent; see (46); 4 min). The outcome values of the Flanker task were the response times for correct trials, as well as the accuracy of responses, in both congruent and incongruent conditions, mean response time of congruent and incongruent conditions, and total accuracy. Additionally, the flanker effect was calculated to describe the impact of the incongruency of stimuli difference in response times between the congruent and incongruent stimuli (45). The lower the flanker effect, the better inhibitory control of the participants.For the Cued Go/NoGo task (47), the participants were asked to press the spacebar when a stimulus with a green rectangle (Go) was displayed but refrain from pressing the spacebar when a blue rectangle was displayed (NoGo; Figure 2B). The blue and green rectangles could have been vertical or horizontal. The vertical rectangle had a high probability of being green (a Go trial), and the horizontal rectangle had a high probability of being blue (a NoGo trial). The participants received information about the orientation of the rectangle (the cue) shortly before the rectangle's color was revealed. Vertical cue Go/NoGo ratio was 4:1 (80% Go trials, 20% NoGo trials; higher probability of Go trials after vertical cue), and horizontal cue Go/NoGo ratio was 1:4 (20% Go trials, 80% NoGo trials; higher probability of NoGo trials after horizontal cue). The minimum number of trials required to fulfill the above conditions was 50. The task consisted of 250 trials, where each factor combination was repeated five times (10 min). The Go/NoGo task parameters were response times for the vertical and horizontal cued stimuli, and total error rate. Shorter response times and lower error rate indicate superior inhibition in the Go/NoGo task.



2.2.2. Working memory

A computerized 3-back task (48) Figure 2C was used to assess the participants' working memory. The participants were presented with emotionally neutral pictures. They were asked to identify (by pressing the space bar) whether a picture had been presented to them three pictures back, thus, 3-back. The participants were given 23 test trials, followed by 46 target trials (4 min). The outcome values were response times for correct trials and accuracy for all responses. More correct responses (accuracy) and faster response times to correct stimuli represent better working memory.



2.2.3. Cognitive flexibility

To assess cognitive flexibility, the number-letter task was modified from the Alternating-Runs-Switch task by (49). The participants were provided with a 2 × 2 matrix where a pair of a number and a letter appeared in one of the matrix fields (see Figure 2D). For the upper two boxes, the participants had to respond to the letter (consonant vs. vowel; 24 stimuli for practice, 32 regular stimuli) by pressing the “E”-button (on the left hand) for a consonant and the “I”-button (on the right hand) for a vowel. For the lower two boxes, the participants were required to respond to the digits by pressing as fast as possible (“I”- and “E”-button; odd vs. even; 24 stimuli for practice, 32 regular stimuli).

The participants were given 24 test trials in which only the letter or the number was presented, followed by 24 test trials where letters and numbers were both presented. Finally, 64 target trials, including 32 switch (switching from focusing on numbers to letters or vice versa) and 32 no-switch trials (continuing to focus on numbers or letters), were conducted (7 min). The response times and accuracy of responses for the number-letter task for the stimuli with and without a task switch were calculated. The so-called switch costs and the response time differences for the switch and no-switch trials were used as indicators of the participants' cognitive flexibility. Short response times, lower switch costs, and high accuracy are interpreted as indicators of superior cognitive flexibility.




2.3. Intervention

A smartphone game on a touch-based device was used for the CT intervention aimed improving EFs. Some evidence suggests that mobile respectively smartphone games, especially the application used in the study, could positively affect cognitive functions (for review, see 50). There is evidence that the use of the application “Fruit Ninja” in an immersive setting (VR) could enhance EFs (51). The goal of the game “Fruit Ninja” is to slice a variety of fruits appearing on the screen from different directions by mimicking a slashing gesture on the fruits. The players are awarded points for every fruit they slice and bonus points for combining slices and splitting multiple fruits. In addition, the players must ignore the bombs randomly appearing on the screen, and cutting through a bomb results in an instant loss in the game. As the game progresses, the number of stimuli (fruits and bombs) and the speed at which they appear progressively increase.



2.4. Procedures

The participants underwent pre-and post-test at their training facilities. The pre-test took place in September 2021, and the post-test was in November 2021 (the eighth week of the intervention period). First, the participants were instructed about the procedure and asked to sign the informed consent form. The participants were instructed not to consume caffeine or train for two hours before the testing. After that, they performed the cognitive tasks, which lasted approximately 45 min. The players were tested one hour before training to avoid physical exercise effects between 10:00 am and 4:00 pm. The tasks were randomly conducted in a quiet room. Finally, the experimenter explained the smartphone game to the participants. The participants were instructed to play the game five minutes per day and five days per week (working days). The participants of the control group were instructed to play the game or to change their gaming habits. The participants were not instructed to play on the weekends because no potential competition would have been affected. Additionally, the participants had to fill out a questionnaire so that their gaming behaviors at the post-test could be examined (the game time per day/week and the type of game, see Table 1).



2.5. Statistical analysis

The data were first checked for normal distribution and outliers. No outliers had to be excluded. Even though our data was not entirely normally distributed, parametric testing was performed, as an analysis of variance (ANOVA) is robust against violated normality test assumptions (e.g. 52). To examine whether inhibition (i.e., Go/NoGo; Flanker) changed over time due to the intervention, we ran a 2 (time: pre vs. post)×2 (group: IG vs. CG) multivariate analysis of variance (MANOVA) including response time parameters from the Go/NoGo task (i.e., response time for vertical cue trial; response time for horizontal cue trial; error rate) and an additional 2 (time: pre vs. post)×2 (group: IG vs. CG) MANOVA for parameters from the Flanker task (i.e., response time for incongruent trial). As accuracy parameters were not correlated to response time parameters, we ran two separate 2 (time: pre vs. post)×2 (group: IG vs. CG) ANOVAs for accuracy parameters for the Go/NoGo and Flanker tasks. For the effect of the intervention on working memory, two separate 2 (time: pre vs. post)×2 (group: IG vs. CG) ANOVAs were calculated separately for accuracy and response time, as accuracy and response time were not significantly correlated. To investigate the effect of the intervention on cognitive flexibility, we ran a 2 (time: pre vs. post)×2 (group: IG vs. CG) MANOVA, with accuracy and response time parameters as dependent variables. We then performed a posthoc analysis (univariate ANOVA and t-tests) using the Bonferroni correction method. The statistical analysis used SPSS 28 (SPSS, Chicago, IL, United States). A significance level of p < .05 was set.




3. Results

All descriptive statistics are presented in Table 2.


TABLE 2 Descriptive statistics of each variable.
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3.1. Inhibition

For the reaction time parameters of the Cued Go/NoGo task, the results show a significant main interaction [F(3, 26) = 6.75, p = .015, ηp2 = 0.194]. However, the univariate testing confirm this effect for mean response time [F(1, 26) = 7.45, p = .011, ηp2 = 0.211]. This was followed up with two paired t-tests, and the results showed that the performance in the intervention group remained the same (t[14] = 1.08, p = .300, d = 0.30; t[14] = 1.13, p = .279, d = 0.30); however, the control group showed a significant decrease in mean response time and response time for vertical cued trials (t[16] = −2.63, p = .019, d = 0.65; t[16] = 2.82, p = .013, d = 0.70). No main effect was observed for time [F(3, 26) = 1.89, p = .156, ηp2 = 0.179]. We did not detect a significant effect for factor group [F(3, 26) = 0.12, p = .913, ηp2 = 0.00]. Error rate in the Cued Go/NoGo task did not show any main effect [F(1, 28) = 0.88, p = .357, ηp2 = 0.030] or interaction effects [F(1, 28) = 1.395, p = .247, ηp2 = 0.047].

For the Flanker tasks, the results for response times showed no main effect for time [F(3, 26) = 1.28, p = .295, ηp2 = 0.090] and no interaction effect [F(3, 26) = 0.33, p = .724, ηp2 = 0.025]. However, a significant main effect was detected for group [F(3, 26) = 2.892, p = .050, ηp2 = 0.258], showing that the control group was significantly better than the intervention group in response time measures (see Table 2). Accuracy in the Flanker task did not show any main effect (time: F[1, 27] = 0.01, p = .982, ηp2 < 0.01; group: F[1, 27] = 0.42, p = .522, ηp2 = 0.015) or interaction effects [F(1, 27) = 0.803, p = .378, ηp2 = 0.02].



3.2. Working memory

For the 3-back task, no effects were found for response times (time: F[1, 23] = 0.11, p = .748, ηp2 = 0.005; group: F[1, 23] = 1.21, p = .283, ηp2 = 0.05; interaction effects F[1, 23] = 2.36, p = .138, ηp2 = 0.09) or accuracy parameters (time: F[1, 23] = 1.54, p = .228, ηp2 = 0.06; group: F[1, 23] = 0.17, p = .688, ηp2 = 0.07; interaction effects: F[1, 23] = 2.60, p = .121, ηp2 = 0.102).



3.3. Cognitive flexibility

For the number-letter task, as a measure of cognitive flexibility, no main effect for group [F(4, 24) = 0.52, p = .725, ηp2 = 0.08] and no interaction effect [F(4, 24) = 1.85, p = .153, ηp2 = 0.235] were found. However, a significant main effect for time was found [F(4, 24) = 3.71, p = .017, ηp2 = 0.382]. The univariate testing confirmed this effect for response time in both switch trials [F(1, 24) = 8.55, p = .007, ηp2 = 0.204] and non-switch trials [F(1, 24) = 12.30, p = .002, ηp2 = 0.313]. The posthoc analyses showed that the overall participants in the IG showed faster response times in the switch trials [t(12) = 3.06, p = .010, d = 0.85], and the participants in both IG and CG showed faster response times in non-switch trials (IG: t[12] = 2.68, p = .020, d = 0.74; CG: t[12] = 2.47, p = .013, d = 0.62). In other words, the IG responded faster to both switch trials and non-switch trials from pre to post, and CG responded faster to non-switch trials from pre to post.




4. Discussion

This study aimed to examine the impact of an eight-week domain-generic CT intervention delivered through a smartphone app on EFs in young soccer players. The results revealed that the domain-generic CT intervention did not have a differential effect on EFs compared to a control condition without CT intervention. Specifically, no significant interactions were found for most of the dependent variables, except for the response time of the vertical cue in the Cued Go/NoGo task. Consequently, our hypothesis, which posited EF improvements following the smartphone app intervention (specifically, using Fruit Ninja), was not supported.

These findings are in contrast to prior research demonstrating a positive effect of domain-generic CT interventions on cognitive performance (22, 24, 25, 50). However, they are in line with several studies that also failed to show a positive effect of CT on EFs. In detail, results reported by Huang (51) and (53), which indicated either no effects of a game-based intervention or effects limited to a treatment group that engaged with the game in an immersive setting, such as virtual reality. Also, Oei and Patterson (54) found no improvement in EFs in undergraduate students who played “Fruit Ninja” for 20 h. Thus, it seems that playing more than triple as much as the athletes were asked to do in the current study also did not show an effect. One reason for the lack of effectiveness of the intervention can be the ceiling effect. Especially for inhibition, previous studies involving top-level athletes showed slightly higher response times for the Flanker task in comparison to the current (55). However, this interpretation should be drawn carefully, as different electronic devices can play a critical role in response time performance (56). Nevertheless, the participants in the current study were highly trained with generally expected high performance in non-sport-specific cognitive tasks, such as EF tasks (8, 35, 57). As our participants competed in the highest German league, it is plausible that they already had excellent EFs that could only be marginally improved. Additionally, for team sport athletes previous studies indicated that athletes from “strategic sports requiring adaptation to highly varying situations considering teammates, opponents, position, and objects” (55) or “open-skill sports” outperformed athletes from “closed-skill sports” in EF tasks (58, 59).

Furthermore, it can be argued that the lack of an effect of the intervention may be due to it being a domain-generic CT task. Previous studies have shown improvements in sport-specific tasks (1, 18), but this does not necessarily imply that the effects can be transferred to non-sport-specific or generic tasks. The findings of the meta-analysis by (60) indicate that the effects between high-skilled and low-skilled athletes are more evident when the stimuli and responses in cognitive tasks are specific. Moreover, (61) demonstrated that sport-specific perceptual-CT can lead to task-specific training effects in domain-specific tasks, but not necessarily transfer to perceptual-cognitive or soccer-specific performance.

The overall increase in cognitive flexibility is difficult to explain and might be an incidental finding. It could also be speculated that maturation set in during these eight weeks; however, this speculation is hard to justify. As two months seem to be a small range for maturation (62), we can also speculate that it is due to familiarization with the task. Even though this was not statistically significant, on a descriptive level, the athletes improved their performances in almost all EF parameters. In a previous study, we found that participants improve their EF performance by performing cognitive tasks (in a Soccerbot360) shortly after another, which can be attributed to learning effects (63). Whether this is the same for a time interval of eight weeks is unclear. If so, it needs to be determined in future research. However, this would present a problem for investigating the development of EFs and the effects of interventions on EFs. Thus, it might be useful in future studies to use tasks that assess the target concept (e.g., inhibition) but with different tasks in the pre- and post-test (e.g., Flanker task and Stroop task).

Several limitations should be considered when interpreting the results of this study. First, the participants' education level was not assessed. Factors such as academic outcomes, music education, and intelligence quotient have been shown to influence the expression of EFs (64, 62). Similarly, the participants' physical fitness (66) and emotional states, which have been found to be related to EF performance (63, 67, 68) were not assessed. Although efforts were made to control for these confounders, future studies are suggested to incorporate their assessment. Second, instead of randomization, matching groups by EF performance, as well as other demographic parameters, after the pre-test could have prevented unequal baseline for the intervention and control groups (IG vs. CG in pre-test: response time in vertical cued Go/NoGo task: t[30] = 2.11, p = .044, d = 0.75; response time in incongruent trial in Flanker task: t[29] = 2.13, p = .041, d = 0.75). In this study, the differences in baseline measure [e.g., the accuracy of the Number-letter task (no switch)] and the disordinal interaction effects [e.g., response time in Cued Go/NoGo task (vertical cue)] could limit the interpretability of intervention effects.Third, the progress of the intervention (i.e., high scores in the smartphone game) was not assessed. Differences in, or overall low motivation towards, playing the game might have resulted in a lack of effects of the intervention on EFs. Future studies should consider assessing performance in CT during the training intervention. Analyzing the participants' progress could help identifying the possible reasons for improvement or lack thereof in EFs due to CT. Finally, implementing a sedentary control group in the research design may help to understand the effects of expertise regarding the improvement of EFs.



5. Conclusions

The current research revealed no differences in EFs resulting from a smartphone-based CT task in high-level athletes. Therefore, the study's findings do not suggest an application of CT in the form of a smartphone-based game to improve EFs performance in soccer players. However, more research is needed to establish the efficacy of domain-specific interventions in high-level team sport athletes. Considering other confounding variables affecting EFs (e.g., emotional states and intelligence quotient) and monitoring the training process makes sense in terms of understanding the impact of CT on athletes of different levels. This might contribute to advanced knowledge in the field of sports performance-cognition interaction.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of the University of Milan. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author contributions

Conceptualization, FH and FL; methodology, FH, FL, DF, AT; software, FL; formal analysis, DF, FL; investigation, FH; resources, FH and FL; data curation, FH and FL; writing—original draft preparation, FH; writing—review and editing, FL, DF, AT; visualization, FH; supervision, FL. All authors contributed to the article and approved the submitted version.



Acknowledgments

We acknowledge the financial support within the funding programme Open Access Publishing by the German Research Foundation (DFG).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

1. Harris DJ, Wilson MR, Vine SJ. A systematic review of commercial cognitive training devices: implications for use in sport. Front Psychol. (2018) 9:709. doi: 10.3389/fpsyg.2018.00709

2. Diamond A. Executive functions. Annu Rev Psychol. (2013) 64:135–68. doi: 10.1146/annurev-psych-113011-143750

3. Diamond A, Ling DS. Conclusions about interventions, programs, and approaches for improving executive functions that appear justified and those that, despite much hype, do not. Dev Cogn Neurosci. (2016) 18:34–48. doi: 10.1016/j.dcn.2015.11.005

4. Moffitt TE, Arseneault L, Belsky D, Dickson N, Hancox RJ, Harrington H, et al. A gradient of childhood self-control predicts health, wealth, and public safety. Proc Natl Acad Sci USA. (2011) 108(7):2693–8. doi: 10.1073/pnas.1010076108

5. Heilmann F, Memmert D, Weinberg H, Lautenbach F. The relationship between executive functions and sports experience, relative age effect, as well as physical maturity in youth soccer players of different ages. Int J Sport Exerc Psychol. (2022) 21(2):271–89. doi: 10.1080/1612197X.2021.2025141

6. Heilmann F, Wollny R, Lautenbach F. Inhibition and calendar age explain variance in game performance of youth soccer athletes. Int J Environ Res Public Health. (2022) 3(19):1138. doi: 10.3390/ijerph19031138

7. Lundgren T, Högman L, Näslund M, Parling T. Preliminary investigation of executive functions in elite ice hockey players. J Clin Sport Psychol. (2016) 10(4):324–35. doi: 10.1123/jcsp.2015-0030

8. Scharfen H-E, Memmert D. Measurement of cognitive functions in experts and elite athletes: a meta-analytic review. Appl Cogn Psychol. (2019) 33(5):843–60. doi: 10.1002/acp.3526

9. Etnier JL, Chang Y-K. The effect of physical activity on executive function: a brief commentary on definitions, measurement issues, and the current state of the literature. J Sport Exerc Psychol. (2009) 31(4):469–83. doi: 10.1123/jsep.31.4.469

10. Khan NA, Hillman CH. The relation of childhood physical activity and aerobic fitness to brain function and cognition: a review. Pediatr Exerc Sci. (2014) 26(2):138–46. doi: 10.1123/pes.2013-0125

11. Snowden M, Steinman L, Mochan K, Grodstein F, Prohaska TR, Thurman DJ, et al. Effect of exercise on cognitive performance in community-dwelling older adults: review of intervention trials and recommendations for public health practice and research. J Am Geriatr Soc. (2011) 59(4):704–16. doi: 10.1111/j.1532-5415.2011.03323.x

12. Voss MW, Nagamatsu LS, Liu-Ambrose T, Kramer AF. Exercise, brain, and cognition across the life span. J Appl Physiol. (2011) 111(5):1505–13. doi: 10.1152/japplphysiol.00210.2011

13. Lovecchio N, Manes G, Filipas L, Giuriato M, La Torre A, Iaia FM, et al. Screening youth soccer players by means of cognitive function and agility testing. Percept Mot Skills. (2021) 128(6):2710–24. doi: 10.1177/00315125211040283

14. Trecroci A, Cavaggioni L, Rossi A, Moriondo A, Merati G, Nobari H, et al. Effects of speed, agility and quickness training programme on cognitive and physical performance in preadolescent soccer players. PLoS One. (2022) 17(12):e0277683. doi: 10.1371/journal.pone.0277683

15. Verburgh L, Scherder EJA, van Lange PAM, Oosterlaan J. Executive functioning in highly talented soccer players. PLoS One. (2014) 9(3):e91254. doi: 10.1371/journal.pone.0091254

16. Taatgen NA. The nature and transfer of cognitive skills. Psychol Rev. (2013) 120(3):439–71. doi: 10.1037/a0033138

17. Simons DJ, Boot WR, Charness N, Gathercole SE, Chabris CF, Hambrick DZ, et al. Do “brain-training” programs work? Psychol Sci Public Interest: J Am Psychol Soc. (2016) 17(3):103–86. doi: 10.1177/1529100616661983

18. Romeas T, Guldner A, Faubert J. 3D-multiple object tracking training task improves passing decision-making accuracy in soccer players. Psychol Sport Exerc. (2016) 22:1–9. doi: 10.1016/j.psychsport.2015.06.002

19. Moen F, Hrozanova M, Stiles T. The effects of perceptual-cognitive training with neurotracker on executive brain functions among elite athletes. Cogent Psychology. (2018) 5(1):1544105. doi: 10.1080/23311908.2018.1544105

20. McDougall S, House B. Brain training in older adults: evidence of transfer to memory span performance and pseudo-Matthew effects. Neuropsychol Dev Cogn B Aging Neuropsychol Cogn. (2012) 19(1-2):195–221. doi: 10.1080/13825585.2011.640656

21. Ballesteros S, Prieto A, Mayas J, Toril P, Pita C, Ponce de León L, et al. Brain training with non-action video games enhances aspects of cognition in older adults: a randomized controlled trial. Front Aging Neurosci. (2014) 6:277. doi: 10.3389/fnagi.2014.00277

22. Nouchi R, Taki Y, Takeuchi H, Hashizume H, Nozawa T, Kambara T, et al. Brain training game boosts executive functions, working memory and processing speed in the young adults: a randomized controlled trial. PLoS One. (2013) 8(2):e55518. doi: 10.1371/journal.pone.0055518

23. Gray S, Robertson J, Rajendran G. Brainquest: an active smart phone game to enhance executive function. Proceedings of the 14th international conference on interaction design and children (2015).

24. Ackerman PL, Kanfer R, Calderwood C. Use it or lose it? Wii brain exercise practice and reading for domain knowledge. Psychol Aging. (2010) 25(4):753. doi: 10.1037/a0019277

25. Mayas J, Parmentier FBR, Andrés P, Ballesteros S. Plasticity of attentional functions in older adults after non-action video game training: a randomized controlled trial. PLoS One. (2014) 9(3):e92269. doi: 10.1371/journal.pone.0092269

26. Brehmer Y, Rieckmann A, Bellander M, Westerberg H, Fischer H, Bäckman L. Neural correlates of training-related working-memory gains in old age. NeuroImage. (2011) 58(4):1110–20. doi: 10.1016/j.neuroimage.2011.06.079

27. Peretz C, Korczyn AD, Shatil E, Aharonson V, Birnboim S, Giladi N. Computer-based, personalized cognitive training versus classical computer games: a randomized double-blind prospective trial of cognitive stimulation. Neuroepidemiology. (2011) 36(2):91–9. doi: 10.1159/000323950

28. Boot WR, Kramer AF. The brain-games conundrum: does cognitive training really sharpen the mind? Cerebrum: the Dana Forum on Brain Science. (2014) 2014:15.26034522

29. Sala G, Gobet F. Cognitive training does not enhance general cognition. Trends Cogn Sci. (2019) 23(1):9–20. doi: 10.1016/j.tics.2018.10.004

30. Roca A, Ford PR, McRobert AP, Williams AM. Perceptual-cognitive skills and their interaction as a function of task constraints in soccer. J Sport Exerc Psychol. (2013) 35(2):144–55. doi: 10.1123/jsep.35.2.144

31. Williams AM, Ford PR, Eccles DW, Ward P. Perceptual-cognitive expertise in sport and its acquisition: implications for applied cognitive psychology. Appl Cogn Psychol. (2011) 25(3):432–42. doi: 10.1002/acp.1710

32. Ballester R, Huertas F, Pablos-Abella C, Llorens F, Pesce C. Chronic participation in externally paced, but not self-paced sports is associated with the modulation of domain-general cognition. Eur J Sport Sci. (2019) 19(8):1110–9. doi: 10.1080/17461391.2019.1580318

33. Koch P, Krenn B. Executive functions in elite athletes – comparing open-skill and closed-skill sports and considering the role of athletes’ past involvement in both sport categories. Psychol Sport Exerc. (2021) 55:101925. doi: 10.1016/j.psychsport.2021.101925

34. Wang B, Guo W. Exercise mode and attentional networks in older adults: a cross-sectional study. PeerJ. (2020) 8:e8364. doi: 10.7717/peerj.8364

35. Huijgen BCH, Leemhuis S, Kok NM, Verburgh L, Oosterlaan J, Elferink-Gemser MT, et al. Cognitive functions in elite and sub-elite youth soccer players aged 13–17 years. PLoS One. (2015) 10(12):e0144580. doi: 10.1371/journal.pone.0144580

36. Vestberg T, Gustafson R, Maurex L, Ingvar M, Petrovic P. Executive functions predict the success of top-soccer players. PLoS One. (2012) 7(4):e34731. doi: 10.1371/journal.pone.0034731

37. Bornholt LJ, Ajersch S, Fisher IH, Markham RH, Ouvrier RA. Cognitive screening for children and adolescents: general limits or ceiling effects? J Child Neurol. (2010) 25(5):567–71. doi: 10.1177/0883073809352686

38. Iuliano E, Di Cagno A, Aquino G, Fiorilli G, Mignogna P, Calcagno G, et al. Effects of different types of physical activity on the cognitive functions and attention in older people: a randomized controlled study. Exp Gerontol. (2015) 70:105–10. doi: 10.1016/j.exger.2015.07.008

39. Erickson KI, Hillman C, Stillman CM, Ballard RM, Bloodgood B, Conroy DE, et al. Physical activity, cognition, and brain outcomes: a review of the 2018 physical activity guidelines. Med Sci Sports Exercise. (2019) 51(6):1242. doi: 10.1249/MSS.0000000000001936

40. Welsch L, Alliott O, Kelly P, Fawkner S, Booth J, Niven A. The effect of physical activity interventions on executive functions in children with ADHD: a systematic review and meta-analysis. Ment Health Phys Act. (2021) 20:100379. doi: 10.1016/j.mhpa.2020.100379

41. Chang YK, Labban JD, Gapin JI, Etnier JL. The effects of acute exercise on cognitive performance: a meta-analysis. Brain Res. (2012) 1453:87–101. doi: 10.1016/j.brainres.2012.02.068

42. Firestone WA, Schorr RY, Monfils LF. The ambiguity of teaching to the test: Standards, assessment, and educational reform. London: Routledge (2004).

43. Zhao X, Chen L, Maes JHR. Training and transfer effects of response inhibition training in children and adults. Dev Sci. (2018) 21(1):1–12. doi: 10.1111/desc.12511

44. Eriksen BA, Eriksen CW. Effects of noise letters upon the identification of a target letter in a nonsearch task. Percept Psychophys. (1974) 16(1):143–9. doi: 10.3758/BF03203267

45. Verbruggen F, Logan GD. Response inhibition in the stop-signal paradigm. Trends Cogn Sci. (2008) 12(11):418–24. doi: 10.1016/j.tics.2008.07.005

46. Musculus L, Lautenbach F, Knöbel S, Reinhard ML, Weigel P, Gatzmaga N, et al. An assist for cognitive diagnostics in soccer: two valid tasks measuring inhibition and cognitive flexibility in a soccer-specific setting with a soccer-specific motor response. Front Psychol. (2022) 13:867849. doi: 10.3389/fpsyg.2022.867849

47. Fillmore MT, Rush CR, Hays L. Acute effects of cocaine in two models of inhibitory control: implications of non-linear dose effects. Addiction. (2006) 101(9):1323–32. doi: 10.1111/j.1360-0443.2006.01522.x

48. Kirchner WK. Age differences in short-term retention of rapidly changing information. J Exp Psychol. (1958) 55(4):352–8. doi: 10.1037/h0043688

49. Rogers RD, Monsell S. Costs of a predictible switch between simple cognitive tasks. J Exp Psychol Gen. (1995) 124(2):207–31. doi: 10.1037/0096-3445.124.2.207

50. Mayer RE, Parong J, Bainbridge K. Young adults learning executive function skills by playing focused video games. Cogn Dev. (2019) 49:43–50. doi: 10.1016/j.cogdev.2018.11.002

51. Huang K-T. Exergaming executive functions: an immersive virtual reality-based cognitive training for adults aged 50 and older. Cyberpsychol Behav Soc Netw. (2020) 23(3):143–9. doi: 10.1089/cyber.2019.0269

52. Blanca MJ, Alarcón R, Arnau J, Bono R, Bendayan R. Non-normal data: is ANOVA still a valid option? Psicothema. (2017) 29(4):552–7. doi: 10.7334/psicothema2016.383

53. Liu Q, Zhu X, Ziegler A, Shi J. The effects of inhibitory control training for preschoolers on reasoning ability and neural activity. Sci Rep. (2015) 5:14200. doi: 10.1038/srep14200

54. Oei AC, Patterson MD. Playing a puzzle video game with changing requirements improves executive functions. Comput Human Behav. (2014) 37:216–28. doi: 10.1016/j.chb.2014.04.046

55. Krenn B, Finkenzeller T, Würth S, Amesberger G. Sport type determines differences in executive functions in elite athletes. Psychol Sport Exerc. (2018) 38:72–9. doi: 10.1016/j.psychsport.2018.06.002

56. Williams JM, Mathews A, MacLeod C. The emotional stroop task and psychopathology. Psychol Bull. (1996) 120(1):3–24. doi: 10.1037/0033-2909.120.1.3

57. Formenti D, Trecroci A, Duca M, Vanoni M, Ciovati M, Rossi A, et al. Volleyball-Specific skills and cognitive functions can discriminate players of different competitive levels. J Strength Cond Res. (2022) 36(3):813–9. doi: 10.1519/jsc.0000000000003519

58. Heilmann F, Weinberg H, Wollny R. The impact of practicing open- vs. closed-skill sports on executive functions—a meta-analytic and systematic review with a focus on characteristics of sports. Brain Sci. (2022ba) 12(8):1071. doi: 10.3390/brainsci12081071

59. Zhu H, Chen A, Guo W, Zhu F, Wang B. Which type of exercise is more beneficial for cognitive function? A meta-analysis of the effects of open-skill exercise versus closed-skill exercise among children, adults, and elderly populations. Appl Sci. (2020) 10(8):2737. doi: 10.3390/app10082737

60. Kalén A, Bisagno E, Musculus L, Raab M, Pérez-Ferreirós A, Williams AM, et al. The role of domain-specific and domain-general cognitive functions and skills in sports performance: a meta-analysis. Psychol Bull. (2021) 147(12):1290–308. doi: 10.1037/bul0000355

61. Ehmann P, Beavan A, Spielmann J, Mayer J, Ruf L, Altmann S, et al. Perceptual-cognitive performance of youth soccer players in a 360°-environment – an investigation of the relationship with soccer-specific performance and the effects of systematic training. Psychol Sport Exerc. (2022) 61:102220. doi: 10.1016/j.psychsport.2022.102220

62. Romine CB, Reynolds CR. Sequential memory: a developmental perspective on its relation to frontal lobe functioning. Neuropsychol Rev. (2004) 14(1):43–64. doi: 10.1023/B:NERV.0000026648.94811.32

63. Knöbel S, Weinberg H, Heilmann F, Lautenbach F. Interaction between acute emotional states and executive functions in youth elite soccer players. 54th Germany sportpsychology conference; Münster, Germany (2022).

64. Benedek M, Jauk E, Sommer M, Arendasy M, Neubauer AC. Intelligence, creativity, and cognitive control: the common and differential involvement of executive functions in intelligence and creativity. Intelligence. (2014) 46:73–83. doi: 10.1016/j.intell.2014.05.007

65. Holochwost SJ, Propper CB, Wolf DP, Willoughby MT, Fisher KR, Kolacz J, et al. Music education, academic achievement, and executive functions. Psychol Aesthet Creat Arts. (2017) 11(2):147–66. doi: 10.1037/aca0000112

66. Berryman N, Bherer L, Nadeau S, Lauzière S, Lehr L, Bobeuf F, et al. Executive functions, physical fitness and mobility in well-functioning older adults. Exp Gerontol. (2013) 48(12):1402–9. doi: 10.1016/j.exger.2013.08.017

67. Lautenbach F, Laborde SJP, Putman P, Angelidis A, Raab M. Attentional distraction by negative sports words in athletes under low- and high-pressure conditions: evidence from the sport emotional stroop task. Sport Exerc Perform Psychol. (2016) 5(4):296–307. doi: 10.1037/spy0000073

68. Schmeichel BJ, Tang D. Individual differences in executive functioning and their relationship to emotional processes and responses. Curr Dir Psychol Sci. (2015) 24(2):93–8. doi: 10.1177/0963721414555178



OPS/xhtml/Nav.xhtml




Contents





		Cover



		The effects of a smartphone game training intervention on executive functions in youth soccer players: a randomized controlled study

		1. Introduction



		2. Methods



		2.1. Participants



		2.2. Measurements



		2.2.1. Inhibitory control



		2.2.2. Working memory



		2.2.3. Cognitive flexibility











		2.3. Intervention



		2.4. Procedures



		2.5. Statistical analysis











		3. Results



		3.1. Inhibition



		3.2. Working memory



		3.3. Cognitive flexibility











		4. Discussion



		5. Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		References



















OPS/images/cover.jpg
, frontiers ‘ Frontiers Sports and Active Living

The effects of a smartphone game

training intervention on executive

functions in youth soccer players:
arandomized controlled study









OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/fspor-05-1170738-t002.jpg
Executive function

Variable

Intervention group (IG)

Control group (CG)

Pre Post Pre Post
Inhibition Flanker task
Mean response time (ms) 4403 +507 4324548 403.1 2566 39284507
Response time, congruent (ms) 42442480 4192506 39232539 38432486
Response time, incongruent (ms) 47352602 45972655 42562676 41042574
Flanker effect (ms) 4912283 4052228 332329 2612209
Accuracy (%) 978+12 | os0=16 983215 98.3+14
Cued Go/NoGo task
Response time, vertical cue (ms)* 309.1 £179 2998 %256 293.12239 30824230
Response time, horizontal cue (ms) 3146199 3082215 309.8+209 3218268
Error rate (%) 06063 0.36=1.05 091=1.50 0.89=1.20
Working memory 3-back task
Response time (ms) [ 8116 +2250 85512693 | 858329638 708.1+1733
Accuracy (%) | 146438 174248 | 153:48 15.1%67
Cognitive flexibility Number-letter task
Response time, switch (ms) 1,382.5+3794 12061 +345.1 1495.5 = 464.1 1,358.4 = 2908
Response time, no switch (ms) 887.9+1487 8045+175.1 1,005.3+2245 866.1+175.1
Response time, switch cost (ms) 494542854 4015 +245.9 490.1£343.4 4922+ 2466
Accuracy, switch (%) 89096 92269 902586 89.6-9.1
Accuracy, no switch (%) 957236 95,850 976243 95358
Accuracy, switch cost (%) 6775 36+63 73266 56+84

Data are mean + SD.

*Sianificant (o< 0.05) Gt % Grokis iTMercEon.





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Sports and Active Living





OPS/images/fspor-05-1170738-t001.jpg
Intervention group | Control group | p-value

(IG) (n=15) (CG) (n=18) | (by t-test)
Age (years) 1638 (0.74) 17.22 (1.03)
Body mass (kg) 74.07 (7.45) 7129 (661)
Height (m) 181 (0.07) 178 (0.06)
Training age 5.00 (1.10) 511 (159)
(years)
Gaming time 40.00 (37.81) 39.17 (59.40)
(min per day)

ata are mean (SD).





OPS/images/fspor-05-1170738-g002.jpg
Executive function measurements

A Cued Go/NoGo task

0%
+ vertical cue

horizontal cue

O .

C Flanker task

S3¢>>
>35>

incongruent trial

congruent trial

B 3-back task

switch

Lyes<

number-letter task

3C

4F

response to
number
(even vs odd)

8U

1Z

no switch

response to
letter
(vowel vs
consonant)





OPS/images/fspor-05-1170738-g001.jpg
CONSORT flow diagram

Recruited (n = 40)

Refused to

participate
n=2)

Randomized (n = 38)

l

|

Allocation
Allocated to ,Fruit Ninja“ Allocated to passive control
CT
(n=18) (n=20)

v v
Discontinued intervention Left passive control group
(n=3) n=2)

Reasons: Reasons:

Left the club (n=2) Left the club (n=2)

Refused to participate
(n=1)
l Analysis I
Analysed as Analysed as
intervention group passive control group
(n=15) n=18)






