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Editorial on the Research Topic
 Cognitive and motor skills in sports




Our Research Topic assembles 19 contributions that explore cognition and motor skills in sports. Conceptual issues are addressed in two of these papers including Loland et al. who propose an integrative approach in the formation of sports-specific movement-skill theories. The researchers suggest to first attribute phenomenological descriptions of the primary experiential qualities inherent in the execution of the respective skill. This should be followed by multilevel mechanistic analyses (based on biomechanics, motor control approaches, expertise studies, and cognitive science), and culminating in the systematization of findings and the formulation of sport-specific motor skills theories.

Huesmann and Loffing, with attention toward anticipation research, propose a framework to guide study design and reporting. Their paper details a first proposal for a 7-level classification of perception-action coupling conditions, with the defining dimensions of stimulus presentation and response mode orientation. The authors also provide the findings from a review of anticipation and racquet sport studies utilizing the classification system as a template for experimental protocol analysis, revealing underrepresentation of representative perception-action coupling conditions.

Seven contributions to this Research Topic address cognitive-motor dual-task situations across a diverse range of sports. Firstly, Wu et al. provide a review on the effects of cognitive-motor dual-task training, based on 10 acute and 7 chronic studies. For acute effects, studies consistently show performance deteriorations in dual- as compared to single-task situations. Conversely, studies exploring chronic effects show that systematic training in cognitive-motor dual tasking improves performances in cognitive-motor dual-tasks. Montalt-Garcia et al. provide depth to the Canadian Agility and Movement Skill Assessment (CAMSA) with cognitive challenges, resulting in six performance profiles in a large sample of secondary school students. The paper by Monz et al. combines ergometer rowing and Taekwondo exercises with an episodic memory task, revealing pronounced performance decrements in both cognition and motor functioning in the dual-task condition, across different age and expertise levels. Knöbel and Lautenbach tested soccer players with a 3-back working-memory task, either performed on a computer, or with a soccer-specific motor response (shooting toward a specific target location in space). The study reports a significant correlation between performances (response time and accuracy) in the two settings, indicating that the task may be a suitable diagnostic tool for soccer performance.

Klotzbier and Schott a continued the contributions that address cognitive-motor dual-task situations by asking soccer players to perform the classic Trail-Making test while also exposing them to modified versions of the test including movement through space (Trail-Walking test) or dribbling a soccer ball (Trail-Dribbling test). For the Trail-Dribbling test, the authors report shorter test durations for high-level compared to low-level players, with increased cognitive load accentuating differences. The authors conclude that the Trail-Dribbling test allows for an effective discrimination between high and low-level players in the age range of 14 to 17 years. Utilizing 322 elite athletes (ice hockey, closed skill sports, other team sports), Brinkbäumer et al. had subjects perform a tapping task, a visuo-verbal speed-reading task, and both tasks simultaneously. Dual-task costs were found for all sport groups, and costs were more pronounced in closed-skill athletes. For athletes from team sports and ice hockey, the authors did not find a relationship of dual-task costs to performance level. Amara et al. continued this dual task theme and assessed a mental rotation task with and without balance exercises in badminton and volleyball players. Unlike the other studies in the current Research Topic, which consistently found performance deteriorations under dual-task conditions, the reaction times of participants in the Amara et al. study were reduced when balancing concurrently.

An additional sub-theme to emerge amongst the papers submit to this Research Topic was the role of sensory input for sport skills with five submissions. Müller et al. manipulated visual input with stroboscopic glasses in a within-subjects design in Australian Rules football athletes, interrupting the perception-action cycle while kicking the ball at a goal. Interestingly, their study found no performance decrements in kicking accuracy. Continuing with visual factors, Nakazato et al. used an eye tracking device in a virtual table tennis environment with different types of ball trajectories, courses, and speeds. Their findings demonstrate that experienced table tennis players demonstrated lower mean and inter-trial variability in saccade endpoint error compared to novices, which may be indicative of more efficient identification of relevant stimuli. Nicklas et al. introduced a particularly novel study and assessed the role of visual fixations for interpersonal communication in elite sports. Eighteen expert beach volleyball players were exposed to game-like scenarios with high and low performance pressure. They found that higher pressure leads to more and longer fixations on teammates' faces, reflecting a higher need for communication without misunderstandings. In contrast to previous study's Rodrigues et al. explored the gaze behaviors of coaches rather than athletes. The authors showed differences in gaze durations in expert and novice coaches in a variety of game situations for videotaped futsal set pieces. Finally, Kassem et al. tested the eye movements relative to decision accuracy of elite junior Australian Rules football players with 14 brief video clips in two testing sessions in an 18-month time-interval. Participants with accurate decisions responded faster, and skilled participants demonstrated fewer fixations with shorter durations. The authors argue that the task may be a viable tool for Talent Identification and Development.

Our Research Topic also includes studies on embodiment, motor imagery, mental rotation, and skill learning. Luis del-Campo et al. assessed embodied planning in climbing and showed that the handholds where gaze was directed to during pre-planning were used more often than others. Further, experienced climbers ascend faster and look at non-used handholds for a shorter time compared to lesser-skilled climbers. For motor imagery, Tien and Chang re-examine the commonality and distinguishable aspects of motor imagery and execution via a response repetition paradigm. Their results show that motor representations of imagery and execution, when measured without subjective judgments, appear to be more distinguishable than traditionally thought. While Çiftçi and Yilmaz investigated action observation and motor imagery in an intervention study. For drop jump performance, an 8-week-intervention program with motor imagery sessions during video observation did not lead to improvements in physical performance, but there was a positive influence on athlete's perception of their performance. Klotzbier and Schott tested novice and experienced gymnasts and soccer players with different perceptual task (recognition of soccer-specific poses) and with mental rotation tasks using different stimuli (soccer-specific poses, cubes, line-drawings of hands, letters). Their results suggest that gymnasts' motor expertise plays a role in their performance on mental rotation tasks involving both egocentric and object-based transformations, regardless of the stimuli presented. For learning a three-ball juggling cascade, Geller et al. compare a “learning-in-parts” training regime (gradually increasing difficulty) and elements of the juggling movement to an “all-at-once” regime (training on the complete skill from the start). They report initial advantages of the all-at-once group, but no difference in performance between the groups at the end of the training sessions.

This Research Topic thereby enables valuable, current, conceptual as well as empirical insights into cognitive-motor research.
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Previous research has indicated that social interactions and gaze behavior analyses in a group setting could be essential tools in accomplishing group objectives. However, only a few studies have examined the impact of social interactions on group dynamics in team sports and their influence on team performance. This study aimed to investigate the effects of game performance pressure on the gaze behavior within social interactions between beach volleyball players during game-like situations. Therefore, 18 expert beach volleyball players conducted a high and a low game performance pressure condition while wearing an eye tracking system. The results indicate that higher game performance pressure leads to more and longer fixation on teammates’ faces. A higher need for communication without misunderstandings could explain this adaptation. The longer and more frequent look at the face could improve the receiving of verbal and non-verbal information of the teammate’s face. Further, players showed inter-individual strategies to cope with high game performance pressure regarding their gaze behavior, for example, increasing the number of fixations and the fixation duration on the teammate’s face. Thereby, this study opens a new avenue for research on social interaction and how it is influenced in/through sport.

KEYWORDS
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Introduction

People coordinate their abilities and skills over time and space in various tasks (e.g., passing a ball or building a house) to achieve a common goal (Fasold et al., 2021). Successful collaborations depend on various factors, such as visual and somatosensory information (Sebanz et al., 2006). Previous studies have shown that individuals can anticipate and integrate their partner’s behavior in their own action planning by sharing mental representations of the expected outcome (Knoblich and Jordan, 2002; Jordan and Knoblich, 2004; Marsh et al., 2006). Clark and Krych (2004) showed that instructing another person on how to build a Lego model while seeing the working area leads to fewer errors and less time to finish. In a team sport context, for example, referees coordinate their gaze to officiate the game (Fasold et al., 2021), or players collaborate to score a goal (Klatt et al., 2021b). On a theoretical level, this is called joint action, which can be regarded as any form of social interaction (Sebanz et al., 2006; Knoblich and Sebanz, 2008).

Social interactions are the interplay of auditory and visual cues and aim to exchange information between at least two people (Argyle and Cook, 1976; Gobel et al., 2015; Wolf et al., 2018). Moreover, not only information but also emotions (e.g., anxiety, happiness) can be transferred implicitly or explicitly within social interactions (Hatfield et al., 2014). Notably, individuals with good interpersonal relationships are often likely to adapt to the collective emotions of the group (Tamminen et al., 2016). In the scientific literature, transferring emotions from one person to another is called emotional contagion (see Hatfield et al., 2014; Boss and Kleinert, 2015; Herrando and Constantinides, 2021; for a review). To exemplify, Moll et al. (2010) showed that post-performance emotions could be transferred to the teammates and influence the overall team performance. Specifically, authors found that celebrating a soccer kick with both arms raised increases the likelihood of the player’s team winning the shootout. Another well-known phenomenon associated with emotional contagion is the collective team collapse, which describes a sudden performance drop of the entire team (Wergin et al., 2018). An important factor within this phenomenon is negative emotional contagion. Experiencing negative emotions is associated with individual underperformance (Barsade and Gibson, 2012; Hill and Shaw, 2013). So, negative emotional contagion can lead to more teammates that underperform. For example, player A might feel insecure or anxious after making a mistake. These negative emotions can be transferred to another teammate (Herrando and Constantinides, 2021 for a review) and affect the teammate’s performance. Thus, the transmission of negative emotions can run through the whole team and lead to a collective team performance drop (Wergin et al., 2018).

In non-continuous sports, such as volleyball or tennis doubles, the nature of the game (e.g., breaks between the rallies) allows for a high frequency of social interactions between the teammates. That is why beach volleyball was chosen in this study. In addition, beach volleyball was chosen because there is no coach on the sidelines, which means that the players have to rely on each other for support and feedback. Notably, social interactions are usually not during the performance task itself. Regardless, the probability of emotional contagion with these frequent social interactions is critical for the subsequent team performance. This frequent and intense exchange of verbal and non-verbal information (e.g., instruction about the next play, emotions expressed by the body position) requires teammates to interpret these signals correctly and adjust their actions accordingly (Sebanz and Knoblich, 2009; Gweon and Saxe, 2013). For example, as mentioned above, player A might feel insecure after making a mistake. As a result, the teammates who have recognized player A’s emotions may try to overcompensate for their teammates. By noticing the latent support, player A may focus on improving the current game rather than brooding over a past mistake, ultimately regaining security.

Gaze behavior plays an essential role in transmitting emotions within social interactions because of its dual functionality (Gobel et al., 2015). This means that the eyes send information to another person and at the same time receive signals from the interacting person (Gobel et al., 2015).

The information sent by the eyes depends on the gaze’s direction (directed or averted) and duration and plays a crucial role in communication (Wirth et al., 2010; Canigueral and Hamilton, 2019). In detail, directed gaze refers to looking into somebody’s face. It signals that the sender desires an interaction and expresses positive emotions such as joy, anger, or affection (Foulsham et al., 2011). Instead, averted gaze involves, for example, looking at the floor while communicating with another person. It indicates the person’s unwillingness to communicate and represents negative emotions such as fear, worry, or shame (Argyle and Cook, 1976; Kleinke, 1986).

Previous research has shown that external stimuli such as stress or anxiety lead to gaze behavior changes as increased fixation on irrelevant stimuli and increased eye movement (Allsop and Gray, 2014; Vine et al., 2015). This is in line with the attentional control theory (ACT) (Corbetta and Shulman, 2002; Eysenck et al., 2007), which states that stress or anxiety is intended to reduce the relative influence of the top-down (goal-directed) system in favor of the bottom-up (stimulus-directed) system of attention. As a result, the individual’s attention is no longer outwardly focused on goal-related sources of information and a performance decline can be expected (e.g., Wilson et al., 2009; Noël and Kamp, 2012). In addition, Herten et al. (2017) examined participants’ gaze behavior in an interviewing situation and found shorter fixation durations on the face of interviewing committee members under a high-stress condition compared with a low-stress condition.

Despite the importance of social interactions in team sports and the crucial duality of the eye within this domain, studies dedicated to investigating social interaction in team sports context are scarce to date. Particularly, the examination of how gaze behavior is impacted by game performance pressure and whether inter-individual differences occur remains unclear in the literature. Indeed, so far most of the previous studies have focused on investigating the gaze behavior of individuals in their assigned tasks in a laboratory setting under varying stress conditions (e.g., Allsop and Gray, 2014; Allsop et al., 2016). A few studies have investigated the cooperative gaze behavior of teams in the laboratory (e.g., Bahrami et al., 2010; Neider et al., 2010), and an even smaller number have investigated the cooperative gaze behavior of groups in sports settings during the game (e.g., Fasold et al., 2018, 2021; Klatt et al., 2021a). Nevertheless, based on the dual function of the eyes, it seems reasonable that gaze behavior influences emotional contagion and, therefore, affects team performance. Thus, this study aimed to investigate gaze behavior in social interactions of expert beach volleyball teams in game-like situations and how it is affected by game performance pressure. Based on the literature, the study evaluates the hypothesis whether high game performance pressure lead to fewer fixations and shorter fixation durations (c.f., Allsop and Gray, 2014). Furthermore, shorter fixation durations on the teammates’ faces are hypothesized (cf. Herten et al., 2017).



Materials and methods


Participants

A total of 18 participants (nine females and nine males) were included in this study. The following criteria were used to include the participants into the study: (1) active beach volleyball players competing at least at state level; (2) practicing for more than 6 h per week; (3) more than 1 year of competitive training; and (4) normal or corrected-to-normal vision. Participants included in the statistical analysis were four female (Mage = 16.00 years, SDage = 0.00) and three male (Mage = 22.60 years; SDage = 3.78) beach volleyball players. For the remaining 11 participants, fulfillment of at least one condition was insufficient for further data analysis (e.g., recorded frames per second were not 30 or the video file was corrupted). This was mainly caused due to the dynamic nature of beach volleyball. The athletes included in the statistical analyses were engaged in competitive training and games for at least 2 years preceding the experiment (M = 2.79 years, SD = 1.35). They trained on average for 12.84 h (SD = 4.58) per week. Two athletes were a part of the c-squad (regional level) at the time of data collection. All participants had previously participated in the German Championships in their respective age categories. More detailed information about the participants is listed in Supplementary Table 1. The study was in accordance with the principles outlined by the World Medical Association’s Declaration of Helsinki and the Office of Research Ethics at the German Sport University Cologne (ethics proposal number: 184/2020). All participants and, if necessary, their legal guardians gave written consent to participate in this study voluntarily.



Design

The game performance pressure manipulation was conducted in two different beach volleyball game forms. The low game performance pressure condition consisted of a standard beach volleyball set of 21 points. In contrast, under the high game performance pressure condition, the participants played nine short sets starting at 17:17, reaching 21 points to win in a best-of-9 mode. This manipulation was based on the findings of Marcelino et al. (2011) and Ramos et al. (2020), who found that final set moments were considered as high-pressure moments. Due to the shorter set length and the associated greater importance of each error right at the beginning of the set under the high game performance pressure condition, this form of play implicitly increases the game performance pressure on the athletes.



Materials

The participants’ gaze behavior was assessed using four binocular mobile eye tracking systems (Kassner et al., 2014). Each mobile bundle consisted of a mobile phone (Motorola Moto Z2/Z3 Play) and a Pupil Core Headset (Pupil Labs GmbH, Berlin, Germany). The gaze accuracy is stated as 0.60° and the gaze precision as 0.02° (Pupil Labs GmbH, Berlin, Germany). The eye tracking data were recorded using the pupil mobile app on the mobile phone and simultaneously streamed and recorded via a Wireless Router (AVM FRITZ!Box 7590 Router) to a notebook (Dell Latitude 3510, 16 GB RAM, Intel Core i7), using the pupil capture app running on Windows 10. The routers were connected to the laptop via a LAN cable. Two eye tracking systems were streamed via the same router onto a notebook. Thus, two routers and two laptops were used. The eye tracking video was recorded with 30 frames per second.



Procedure

Before participating in the experiment, participants warmed up as they would do before a competition, followed by a familiarization task wearing the eye tracking device. The familiarization task consisted of eight rallies including four side-out situations for each team. In the side-out situation, the opposing team serves. The own team has to receive the serve and set the ball and then attack. After the familiarization task, the participants took part in the two game performance pressure conditions (low vs. high) in a counterbalanced order. Thus, half of the teams started with the low and the other half with the high game performance pressure condition. Between these conditions, participants took a 10-min break. Before each game performance pressure condition, a Manual Marker Calibration (Kassner et al., 2014) was conducted: The participants stood in the middle of the beach volleyball court, while one examiner held a Pupil Calibration Marker v0.4 in his hands and stood one meter away from them. The participants were told to follow the Pupil Calibration Marker v0.4 with their eyes and not to move their heads, while the examiner followed a pre-defined route with the marker. After seven points, the participants also conducted a short in-game calibration instead of changing sides. Therefore, the participants stood in front of a Pupil Calibration Marker v0.4 placed on the side of their court. Participants focused their gaze on the midpoint of the marker while moving their heads up and down as well as to the left and right. One week prior to the testing, the Team Cohesion Questionnaire [Fragebogen zur Mannschaftskohäsion]1 (Lau et al., 2003) and the expertise questionnaire were sent to be filled out by the participants until the day of the testing. The Team Cohesion Questionnaire was used to control for the possible influence of different relationship levels between team members on the study’s results. This is necessary because emotions are more easily transferred between team members with a good relationship than between team members with a poor relationship (cf. Tamminen et al., 2016). The expertise questionnaire only consisted of questions to ensure that the participants fulfilled the inclusion criteria.



Data extraction

Social interactions between the rallies were tagged in the eye tracking videos (startpoint and endpoint were marked in the video). The starting point of the social interaction began when the previous rally was completed (the ball touched the ground) and ended when the teammates moved away from each other again to take their positions for the next rally. Thereafter, manual frame-by-frame analysis was used to analyze the athletes’ gaze behavior within these social interactions. This method has been successfully used by various researchers in previous investigations (see Patla and Vickers, 2003; Klatt et al., 2021a). We defined fixation as a gaze on the same area of interest (AOI: face, upper body, lower body, and environment) for more than 100 ms (more than three following frames) irrespective of these AOI moving in space (see Causer et al., 2010; Panuk et al., 2017). The AOI face, upper body, and lower body were defined as the teammate’s corresponding body parts. The AOI environment covered all other possible fixation points.



Data analysis

We conducted a repeated measures MANOVA using Pillai’s Trace with game performance pressure level (low, high) as within-subject factor, participants (1–7) as between-subject factor, and the number of fixations as well as fixation duration on the areas of interest (face, upper body, lower body, environment) as dependent variables. In case of any multivariate effects, subsequent univariate tests were conducted. Greenhouse–Geisser adjustment was used to correct for violations of sphericity (if necessary) (O’Brien and Kaiser, 1985). For all tests, an alpha level was set at 0.05 and for effect size estimation eta square was used. A small effect was assumed for η2 = 0.01, a medium effect for η2 = 0.06, and a large effect for η2 = 0.14 (Cohen, 1988). The calculation was done using SPSS (version 28).




Results

The mixed MANOVA showed multivariate significant effects of game performance pressure level [Pillai’s Trace = 0.09, F(8,192) = 2.43, p = 0.016, η2 = 0.014], participants [Pillai’s Trace = 0.84, F(48,1182) = 4.02, p < 0.001, η2 = 0.14] as well as the game performance pressure level * participants interaction [Pillai’s Trace = 0.44, F(48,1182) = 1.97, p < 0.001, η2 = 0.07].

Game performance pressure level: Subsequent univariant analyses showed that the game performance pressure level had a significant effect on fixation duration on the face [F(1,199) = 7.02, p = 0.009, η2 = 0.03], the upper body [F(1,199) = 6.06, p = 0.015, η2 = 0.03], and the number of fixations on the face [F(1,199) = 10.36, p = 0.002, η2 = 0.05]. Under the high game performance pressure condition, participants fixated longer on the face and upper body (all ps < 0.05). Furthermore, the participants looked more frequently on the face (p < 0.05). All other univariate analyses did not show significant differences between the game performance pressure levels. All the means and standard deviation are shown in Table 1.


TABLE 1    Means and standard deviation of the fixation durations and numbers of fixations on the AOI face, upper body, lower body, and environment in relation to the game performance pressure condition.

[image: Table comparing fixation duration and number of fixations under high and low game performance pressure. Measured areas include face, upper body, lower body, and environment. Data are reported as mean (M) and standard deviation (SD). For high pressure, face fixation duration is 315.01 ms (SD 493.39) with 0.61 fixations (SD 0.78). Low pressure results show 199.35 ms (SD 375.32) and 0.42 fixations (SD 0.60). Similar data categories are reported for upper body, lower body, and environment.]

Participants: Univariate analyses showed that fixation duration on the team member’s face [F(6,199) = 4.27, p < 0.001, η2 = 0.11], upper body [F(6,199) = 4.69, p < 0.001, η2 = 0.12], lower body [F(6,199) = 4.17, p < 0.001, η2 = 0.11], and the environment [F(6,199) = 5.44, p < 0.001, η2 = 0.14] differed statistically significant between the participants. The face fixation duration was significantly longer for participant 5 than for participant 4 (p < 0.001). For the upper body, participant 2 focused longer than participants 1, 3, and 7 (all ps < 0.05). Participant 6 fixated significantly longer on the teammate’s lower body in social interaction than participants 2, 3, and 7 (all ps < 0.005). Participants 2, 3, and 6 spent significantly less time on the environment than participants 4 and 7. For a graphical overview, the different fixation durations of the participants are shown in Figure 1. All the means and standard deviation are shown in Table 2.


[image: Bar graph showing mean fixation duration in milliseconds for different body regions and the environment across seven participants. The environment category, represented in black, consistently shows the longest fixation duration for most participants compared to faces, upper body, and lower body.]

FIGURE 1
Mean fixation time of the players on the different areas of interest in ms. The error bars indicate the respective standard errors.



TABLE 2    Means and standard deviation of the fixation durations of the participants on the AOI face, upper body, lower body, and environment included in the statistical analysis.

[image: Table displaying fixation duration in milliseconds for seven participants across four categories: Face, Upper Body, Lower Body, and Environment. Each category lists the mean (M) and standard deviation (SD) for each participant. Participants have varied fixation times across categories, with Environment generally showing higher average durations and variability.]

For the number of fixations, the univariate tests revealed significant differences between participants’ fixations on the face [F(6,199) = 2.59, p = 0.019, η2 = 0.07], on the upper body [F(6,199) = 6.77, p < 0.001, η2 = 0.17], on the lower body [F(6,199) = 4.15, p < 0.001, η2 = 0.11], and on the environment [F(6,199) = 5.67, p = 0.001, η2 = 0.15]. Participant 4 fixated on the teammate’s face significantly more often than participant 5 (p = 0.028). On the teammate’s upper body, participant 3 showed significantly fewer fixations than participants 2, 4, 5, and 6 (all ps < 0.05). Also, in contrast to participant 7, participants 4 and 5 focused on the upper body significantly more often. Participants 3 fixated on the lower body in social interaction significantly less often than participants 4 and 6 (all ps < 0.05). For the number of fixations on the environment, there was a significantly lower number for participants 2 and 3 compared with participants 4 and 5 (all ps < 0.05). In addition, participant 3 had lower fixation numbers than participant 1 (p < 0.001) (see Figure 2). All the means and standard deviation are shown in Table 3.


[image: Bar chart depicting the mean number of fixations for seven participants across four categories: face, upper body, lower body, and environment. The environment category shows the highest fixations for participants 1, 4, 5, 6, and 7. ]

FIGURE 2
Mean fixation count on the different areas of interest for each player. The error bars indicate the respective standard errors.



TABLE 3    Means and standard deviation of the number of fixations of the participants on the AOIs face, upper body, lower body, and environment included in the statistical analysis.

[image: Table showing the number of fixations for seven participants in four categories: face, upper body, lower body, and environment. Each category displays mean (M) and standard deviation (SD) values for each participant. For example, Participant 1 has a mean of 0.64 and SD of 0.69 for the face category, and a mean of 1.16 and SD of 0.69 for the environment category.]

Game performance pressure level * Participants interaction: The univariate analyses of the interaction between the participants and game performance pressure level showed that the level of game performance pressure affected participants’ gaze differently with regard to upper body fixation durations [F(6,199) = 2.86, p = 0.011, η2 = 0.08] and fixation durations of the environment [F(6,199) = 5.00, p < 0.001, η2 = 0.13]. Participants 1, 4, and 5 spent less time focusing on the upper body under the high game performance pressure condition. In contrast, all others looked longer at their partner’s upper body under the high game performance pressure condition. Considering the fixation durations, only participants 1 and 2 focused for a shorter duration due to increased game performance pressure. These individual differences are shown in Figure 3. All other univariate analyses did not show significant differences between the game performance pressure levels (all ps > 0.05).


[image: Line graphs display the mean fixation durations under low and high game performance pressure for seven participants, each represented by a different colored line. Graph A shows mean upper body fixation duration, ranging from 100 to 750 milliseconds. Graph B illustrates mean environment fixation duration, ranging from 0 to 4000 milliseconds. Participant data varies, with lines intersecting at different points as pressure increases.]

FIGURE 3
Each participant’s mean fixation duration depending on the stress level on the upper body (A) and the environment (B).


For the number of fixations, game performance pressure level * participant interaction indicated significant differences for the AOI face [F(6,199) = 2.70, p = 0.015, η2 = 0.07] and environment [F(6,199) = 2.73, p = 0.014, η2 = 0.08]. All but participant 1 fixated more often on the face under the high game performance pressure condition. Considering the AOI environment, only participants 1 and 5 showed a reduced frequency under the high game performance pressure condition. While this is the case, a reduction in the variance of fixation count can also be observed (see Figure 4).


[image: Two line graphs depict changes in mean directed counts under low and high game performance pressure. The top graph shows "Mean body-directed count" and the bottom shows "Mean head-directed count," with data lines for seven participants, each represented by a distinct color.]

FIGURE 4
Mean fixation numbers on the face (A) and the environment (B) per participant for the high- and low game performance pressure condition.


Results Team Cohesion Questionnaire: The task cohesion (M = 5.84, SD = 0.38) and social cohesion (M = 5.37, SD = 0.80) values were high with slight variances. Despite the homogeneously high values, the female participants showed descriptively slightly higher values than the male participants (see Supplementary Table 2).



Discussion

This exploratory study aimed to examine whether a higher game performance pressure level leads to increased eye movements and shorter fixation durations in the social interaction between players between the rallies. The results showed that participants fixate significantly longer on the upper body and the face under the high game performance pressure conditions. Further, the participants looked more frequent at their teammates’ faces. No other changes in gaze behavior were found due to game performance pressure level manipulation. The analysis also showed that there are individual differences between the participants.

Concerning the longer and more frequent fixation on the teammates’ faces and longer duration on the teammates’ upper body under the high game performance pressure condition, it seems that especially the face takes on a special role within the social interaction between the rallies. On the one hand, faces send a lot of emotional stimuli about the other person (Bahrick and Lickliter, 2014; Caulfield et al., 2016; Crivelli et al., 2016). Recognizing the emotions of the teammate is important to possibly provide support if the teammate needs it. However, it can also lead to emotion contagion, which may lead to a Collective Team Collapse, if negative emotions are transferred (Wergin et al., 2018). On the other hand, the visual system also plays a crucial role in the reception of auditory information (Klatt and Smeeton, 2020). For example, directing the gaze to the speaker improves the auditory stimulus reception (Dodd, 1977; Summerfield, 1987). Especially in tight game situations, understanding the verbal information of the teammate correctly seems to be decisive, as any loss of points can lead to defeat. Interestingly, individual differences in gaze behavior and success rate seem to indicate a pattern underlining this assumption. The players winning most of the rallies in this study (participants 5 and 6) increased the duration and number of fixations on the face under the high game performance pressure condition. In contrast, the player losing the most rallies in this study (participant 1) fixated the teammate’s face less and for a shorter time. This could lead to the assumption that the pattern of participants 5 and 6 increases the quality of social interaction. This increased quality could be needed to generate better emotional and game-related feedback. In total, the better receiving of auditory information and teammate’s emotional state suggest that the adaptation of gaze behavior has a functional role. However, these results contradict the previous research findings, which found that individuals tend to adopt an averted gaze behavior (less fixation on the face) in stressful interview situations (Herten et al., 2017). In this situation, faces may be perceived as aversive stimuli. Therefore, the gaze was shifted from the threatening input (Mogg and Bradley, 1998; Mogg et al., 2000; Wilson and MacLeod, 2003) and direct to different objects in the environment rather than the face of the pressure-inducing person (Herten et al., 2017). In beach volleyball teams, the partner should not be considered as an aversive stimulus. Instead, the teammates had to work as a team toward a common goal, which differs from the interview situations investigated by Herten et al. (2017). Supplementary Table 2 also emphasizes that the teammates are not considered as an aversive stimulus by showing that all teams had positive relationships. These findings indicate that compared with a situation where the other person is regarded as an aversive stimulus and face fixations are reduced, in a teamwork scenario, participants increase their duration and frequency of fixations on the partner’s face to try and achieve better results.

According to the inter-individual difference, the results indicate that gaze behavior in social interaction is also affected by factors such as personality traits and socializing. Hence, in this study players showed inter-individual strategies to cope with the high game performance pressure condition regarding their gaze behavior. Notably, participant 5 had a distinct pattern of change in gaze behavior due to increased game performance pressure compared with other players. Participant 5 had a reduction in the total number of fixations, but an increased number and duration of fixations on the face. These results suggest that participant 5 became more focused on her teammate, allowing for emotional feedback and communication to occur more often and for longer than under the low-stress condition. In contrast to this strategy, participant 1 had decreased face fixation numbers and duration under the high game performance pressure condition. The changes in gaze behavior of participant 1 may have been the result of poor performance, which is emphasized by the lowest percentage of subsequent rallies won (34%) under the high game performance pressure condition. Due to this poor performance, it is possible that participant 1 averted his gaze caused by his own emotions such as fear or worry of making the next mistake (see Adams and Kleck, 2005). The teammate (participant 3) showed no significant changes in gaze behavior, assuming that these emotions were not transferred. So far, most studies have focused on mean group values, but not on individual differences (e.g., Herten et al., 2017; Timmis et al., 2018). However, it must be mentioned that the participants measured in this exploratory study were young competitive athletes, but not elite athletes. It could be that elite athletes have a higher experience with game performance pressure and may adapt their gaze differently. Future research should therefore focus on the analysis of individual differences in gaze behavior in social interactions and in sport with a specific focus on elite athletes (see Dicks et al., 2016).



Conclusion

The study suggests a common change in gaze behavior in beach volleyball teams due to increased game performance pressure. An increased number and duration of fixations on the partner’s face were found, possibly seeking emotional and game-related feedback, indicating the need for more frequent and prolonged interactions. Furthermore, longer fixation duration and higher numbers of fixations on the face could also have a functional role in the communication between the teammates.

In practice, coaches may want to encourage players to increase the quantity and quality (directed head and fixations on the face) of social interactions between the rallies. Improved social interaction could lead to earlier recognition of negative emotions of the teammate, and counteracting this can make the occurrence of a collective team collapse less likely. Routines can increase the quantity of gaze on the face of the teammate between the rallies, such as the athletes high-fiving each other and then having to look at each other’s faces regardless of how the last rally went. Another way could be to inform the players about how important it is to gather the information sent by the teammate’s face. Furthermore, verbal and non-verbal communication seems to be a crucial aspect to consider when forming a beach volleyball team.

It needs to be mentioned that the results of the current study are mainly exploratory and only traced back to a small sample size, which restricts the generalization of these findings. Moreover, it can be assumed that manipulating the game performance pressure level in this controlled setting is not comparable to game performance pressure during real competitions. It is possible that the players communicate differently in this experimental setting than they would in a game with spectators. Therefore, further research is needed to understand how gaze behavior changes due to stressful situations in social interactions in natural sport settings. It also seems to make sense to focus on phases of the game where social interaction is possible for a longer period, like time-outs, rather than only between the rallies. Nevertheless, this study opens the door to a new research field and raises new research topics within this area.
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Mean numbers of fixations for each AOI. Significant Wilcoxon’s test results (p < 0.013) comparing the low- and high-stress conditions. Error bars represent the standard errors of the means.
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Footnotes

1     For reliability analysis, Cronbach’s alpha was calculated and showed satisfying results of the social cohesion (0.84) and the task cohesion (0.81) (Lau et al., 2003). The average retest reliability coefficient for these subscales is rtt = 0.73 and the average intercorrelation is r = 0.54 (Lau, 2005).
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Cognitive diagnostics is of increasing interest to researchers and practitioners in the context of talent identification and performance enhancement in professional soccer. Research addressing the relevance of cognitive skills for sports performance has been based on the cognitive component approach (i.e., general cognitive processes) and the expert performance approach (i.e., sport-specific cognitive processes). Following the aim to combine the strengths of both approaches, we have previously developed and validated tasks to measure inhibition and cognitive flexibility in a soccer-specific setting, including a soccer-specific motor response. In line with the broad consistency on three core executive functions, this further development of diagnosing executive functions is to be completed with a task for the assessment of working memory. For this purpose, 60 amateur players with a soccer experience of at least one competitive season (Mage = 25.95, SDage = 4.59) first conducted a computer-based version of the n-back (3-back) task followed by a 3-back task that required a soccer-specific motor response (i.e., pass) performed in a soccer-specific setting (i.e., SoccerBot100). Results show good reliability for both tasks. With regard to convergent validity, significant correlations between the computerized and soccer-specific task could be determined in target trials for response time (r = 0.446) and accuracy (r = 0.401). Thus, the soccer-specific n-back task can be considered a potentially valid instrument for assessing working memory and potentially allows soccer clubs to diagnose the three core executive functions in a consistent soccer-specific setting.
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Introduction

Given complex and multifaceted performance requirements in soccer, cognition can be a crucial factor to achieve and maintain peak performance. Due to the continuous development of the game with decreasing time and space for each player (Carling, 2010; Wallace and Norton, 2014), latest research addressed psychological skills including cognition to optimize performance (Söhnlein and Borgmann, 2018; Beavan et al., 2020). In this context, the core executive functions (EFs)—inhibition, cognitive flexibility, and working memory—are considered crucial for effective and goal-directed behavior (Diamond, 2013). Technological advances in the field of cognitive diagnostics and training, such as Footbonaut (Saal et al., 2015), Helix (Kittelberger, 2018), or the SoccerBot (Heilmann et al., 2021) provide new possibilities to assess cognition within (more) ecologically valid settings. However, so far, examination of reliability and (ecological) validity of newly developed systems and the cognitive tasks implemented through those are still a limitation restricting cognitive diagnostics (Beavan, 2019; Lautenbach et al., 2022). Most cognitive tasks used for diagnostics in the applied field have neither been developed driven by theory nor have they been validated empirically (Memmert, 2019). Consequently, it remains unclear how cognition can be measured appropriately to enable conclusions for on-field performance (Van Maarseveen et al., 2018). In this context, previously used tasks often lack the coupling of perception and action because they did not require a sport-specific motor response (Farrow and Abernethy, 2003; Murr et al., 2018). In a recent meta-analysis, Kalén et al. (2021) emphasize the application of sport-specific stimuli and responses within cognitive diagnostics to detect expertise related differences.

We have already aimed to implement these requirements in two empirical studies (Musculus et al., 2022). We successfully adapted well-established computerized tasks (see cognitive component approach, Nougier et al., 1991) for inhibition (i.e., flanker task) and cognitive flexibility (i.e., number-letter task), and transferred them to a soccer-specific setting (i.e., SoccerBot360), including soccer-specific stimuli (i.e., soccer players for the soccer-specific inhibition task) and a soccer-specific motor response (i.e., passing the ball; see expert performance approach, Ericsson, 2003). In doing so, we combined the merits of relevant approaches in cognitive diagnostics in sports (for detailed description of both approaches, see Voss et al., 2010; Musculus et al., 2022). In order to complete the previously developed soccer-specific tasks1 for inhibition and cognitive flexibility and thus, to cover all core EFs, the aim of this study is to develop and validate a task to measure soccer-specific working memory.

From a theoretical and an applied perspective, investigating working memory (also referred to as updating) is relevant for performance in sports. Especially in strategic sports such as soccer (e.g., Voss et al., 2010), players are confronted with a large amount of information that they have to process and take into account for the selection of their options (Verburgh et al., 2014). Working memory enables individuals to keep information in mind and retrieving this information in order to mentally work with it, even if it “no longer perceptually present” (Diamond, 2013, p. 142). In other words, working memory is the ability to constantly store and update information depending on its relevance to the given situation. Based on this definition, working memory and inhibition are closely linked and rarely occur independently of each other since constant mental retention of the goal is presumed for inhibitory performance (Diamond, 2013). Transferred to competitive soccer, the relevance of working memory results from constant processing and updating of retrieved information. Players must be able to adjust their behavior based on the information gathered and the comparison with previous experiences (Vestberg et al., 2012), for example, if an opponent repeatedly makes the same run or movement. In addition, the players have to keep in mind their tactical setup or instructions, as well as the behavior of their teammates, and adapt them in case of situational changes (Huijgen et al., 2015). Thus, in addition to inhibition and cognitive flexibility, the core EF working memory also have a potential impact on game performance and are thus, also relevant to assess from an applied perspective.



The present study

In preparation for the study, we identified the n-back task (Kirchner, 1958) as a commonly used task to assess working memory capacities (Conway et al., 2005; see Supplementary Table 1A for justification based on previous studies). Additionally, the n-back task is highly practicable for the implementation in the SoccerBot due to the merely visual representation of the stimuli and the button press response in the computer task, in comparison to other tasks that require verbal responses (e.g., working memory span test, Conway et al., 2005; Scharfen and Memmert, 2021). At this point, it should be noted that other tasks are also used to assess working memory and correlation with soccer performance has been demonstrated (e.g., Backward Visual Memory Span, Huijgen et al., 2015; Corsi-block task, Scharfen and Memmert, 2019; and design fluency, Vestberg et al., 2017). However, the decision to use the n-back task is primarily, regardless of the soccer context, because it is a standard, frequently used and validated task to measure working memory (Kane et al., 2007, p. 615).

The study was conducted in accordance to our preceding soccer-specific task development and evaluation of inhibition and cognitive flexibility. Amateur soccer players performed both computerized and soccer-specific n-back tasks. Soccer-specific means that the tasks were conducted in a setting, in which participants were standing and responding to soccer-related stimuli (i.e., pictures of typical soccer actions) by executing soccer-specific responses, namely passing to goals (Musculus et al., 2022). This environment can be considered context-specific for the sample of amateur soccer players and thus, should increase ecological validity of the task (see review by Lumsden et al., 2016). However, while the selected images depict typical soccer actions, they do not represent situations based on which a decision or action must be made during a game. Since the study aims to assess the working memory performance of soccer players in combination with a soccer-specific motor response, the presentation of a representative game situation was less relevant than presenting clearly distinguishable stimuli in the sense of the original task.

We expected to find positive correlations with regard to response times and correct answers in the computer-based task and the soccer-specific task, indicating that the two tasks are related in terms of convergent validity and the soccer-specific tasks also allows for measuring working memory.

Additionally, we collected data on players’ subjective perceptions of fun, stress, motivation, and physical exhaustion due to the tasks to control for potential confounders on cognitive performance. Thus, we asked the players about their physical exhaustion in order to monitor physical load of the participants before and during testing based on studies showing a decline in performance due to cognitive or physical fatigue (e.g., Smith et al., 2016). Along with this, we asked for perceived stress induced by the tasks, also to identify possible differences between the settings. Furthermore, we assessed motivation prior to the respective tasks as it is attributed a potential influence within cognitive diagnostics (Beavan et al., 2020; Vestberg et al., 2020). Finally, the perceived fun of the tasks was assessed based on the assumption that participants’ engagement depends on the motivation and enjoyment elicited by the cognitive task (e.g., Lumsden et al., 2016). Accordingly, the engagement of the participants is an important characteristic of the quality of cognitive data collection (e.g., Walton et al., 2018).



Materials and methods


Participants

A total of 60 male soccer players (Mage = 25.95, SDage = 4.59) participated in the study. Only adult players with a soccer experience of at least one competitive season in soccer were included to ensure basic soccer technical skills (see also Musculus et al., 2022). On average, participants had played soccer for 14.82 years (SD = 6.03) and practiced 4.07 h/week (SD = 7.40). Seven participants used to play in a youth academy when they were younger. Most players played in the seventh (n = 17) and sixth highest league in Germany (n = 12), followed by nine players in the eighth and seven in the ninth division. Further, three players played in the 10th highest, three in the fifth highest, two in the fourth highest, and one in the third highest league. Prior to participation, all players signed written informed consent. The study was carried out following the Declaration of Helsinki and approved by the ethics committee of Leipzig University (2020.11.17_eb_69).



Material


n-Back task

In the n-back task, participants see an emotional neutral stimuli (i.e., each presentation of a stimulus is referred to as a trial) and have to decide whether the same stimulus was presented n items before (Jaeggi et al., 2010, p. 394). Therefore, a button press response usually on a keyboard is only required if a so-called target trial is presented. If the stimulus n positions before does not match the current stimulus and it is therefore a non-target trial the participants should not react, meaning not to press a button or play a pass the ball in the SoccerBot. If a motor response is made to a non-target trial it represents a false alarm.

In the present study, the n was set to 3 based on research results that have shown that the 3-back task can be considered the most reliable (Hockey and Geffen, 2004). The main process measured is the updating ability of working memory, which involves the continuous assimilation of new information and the replacement of old information (Hockey and Geffen, 2004; Jaeggi et al., 2010). The collected data show whether and how often the n-back was recognized correctly (i.e., accuracy). Updating ability is then evaluated in combination with the required response time. High amount of correct responses and faster response times, represent better working memory (Kirchner, 1958). For the computerized task, stimuli were presented in the form of pictures with various neutral objects, such as a lamp, chair, or bicycle (see Figure 1A).

[image: Panel A shows a sequence of silhouetted images: a barrel, a barrel again, a tower, and a light bulb labeled as "target". Panel B shows silhouettes of people playing soccer, with the action sequence ending in a jumping position, labeled "target". Panel C displays a green screen setup resembling a soccer field, with a screen showing a soccer player silhouette in mid-air, set against a backdrop of goalposts.]

FIGURE 1
 Applied stimuli in the computerized 3-back task (A), adapted for the SoccerBot100 (B) and the provided soccer-specific setting (C). Images of SoccerBot reproduced with permission from Umbrella Software.


For the 3-back task developed and used in the SoccerBot100, setting, response, and stimuli were soccer-specific: Players were standing in a soccer field; they had to respond by passing a ball; and pictures of different soccer-related actions were presented as stimuli (see Figure 1B). Participants had to kick the ball into a goal that was constantly presented centered below the changing stimuli (Figure 1C). In case of a target trial, the players should react as quickly as possible with a pass into that goal.



Instruments to measure general and sport-specific working memory

To measure general working memory, we presented the computerized cognitive task on a 15-in. Laptop (1,280 × 960 pixels at 60 Hz) at a viewing distance of approximately 60 cm, using Inquisit 5 (2018). Participants were asked to press the key “A” only responding to target trials and not reacting to non-target trials.

Similar to the previous tasks assessing inhibition and cognitive flexibility, the development of the soccer-specific 3-back task was accomplished in collaboration with sport psychologists and sport scientists of a German first division soccer club as well as the Umbrella Software Company. Programmers of the latter institution then implemented this task for the SoccerBot100. The SoccerBot100 is a smaller version of the SoccerBot360 with a smaller field (i.e., artificial grass area) but with walls for projections (for a more detailed description see Supplementary material). In both tasks, participants performed two consecutive experimental blocks. Both blocks of the 3-back task consisted of 50 trials (see justification in Supplementary Table 1A). The ratio of non-target and target trials was set at 70% (35 trials) to 30% (15 trials) per Block oriented on previous studies that have addressed the validity of the computerized n-back task (Miller et al., 2009; Jaeggi et al., 2010). Further details of the general and soccer-specific task are presented in Table 1.



TABLE 1 Comparison of general computer n-back task and soccer-specific n-back task.
[image: Table comparing computerized and soccer-specific n-back tasks for working memory. It includes practice trials, feedback, number of test trials and blocks, break duration, response correspondence, stimulus presentation, randomization, fixation duration, response-stimulus interval, response timeout, Cronbach's alpha, and split-half reliability. Key differences include feedback, randomization, and stimulus type. Computerized tasks show a fixation duration on a black screen without fixator and have a response timeout of 3,000 ms. Soccer-specific tasks include feedback, a fixation duration with a black plus sign, and a response timeout of 4,000 ms.]



Control variables

Motivation of the participants was assessed as a control variable. Accordingly, they answered the question “How motivated are you at this moment?” on a visual analog scale (VAS; Crichton, 2001) with two endpoints from 0 (not at all) to 100 (highly) before performing the computerized and SoccerBot100 tasks. VAS are commonly used to assess moods, stress, or emotions. Within the scope of such investigations, the reliability and validity of the VAS have also been confirmed (e.g., Pfennings et al., 1995). In addition, perceived physical exertion (RPE) of the participants was assessed using the 15-point Borg scale for ratings of perceived exertion (Borg, 1970). The RPE scale is a frequently used measurement that is considered valid based on determined high correlations of the ratings and different physiological variables such as heart rate (Borg, 1982).

Finally, we assessed perceived fun and perceived stress regarding the tasks after players performed them. Players were asked to answer the questions “How much fun did you have doing the current task?” and “How stressful did you find the task?” on a VAS scale from 0 (none) to 100 (a lot) following the respective task. All scales were presented in digital form on a tablet.




Procedure

For the final experiment, players were recruited through inquiries with regional amateur teams and announcements at the university. The experiment was conducted in the laboratory of the Department of Movement Neuroscience at Leipzig University and lasted approximately 30 min for each player. The study followed a cross-sectional approach with a within-subject design.

First, participants were asked to fill out demographic and soccer-specific questionnaires. This was followed by the general 3-back task on the computer. After that, participants were asked to warm up individually for 5–10 min to reduce the risk of injuries, before starting the sport-specific 3-back task in the SoccerBot100. The assessment of player’s motivation and perceived exertion was conducted before participants performed the tasks to control for potential differences in motivation and physical load during the experiment as well as possible preload due to training or work before testing that could have influenced test performance. At this point, it is important to note that the order of the versions (i.e., first computer task and second soccer-specific task) was fixed in order to familiarize the players with each task and reduce the number of practice trials, and therefore the physical load, in the SoccerBot100 (see Musculus et al., 2022).



Data preparation

For the computerized and for the soccer-specific 3-back task, a filter was used to identify all missed target trials (PC: 35.79%; soccer-specific: 33.80%). In addition, all responses to non-target trials (i.e., false alarms) were determined (PC: 9.82%, soccer-specific: 5.71%) followed by the exclusion of the corresponding response times. Thus, the mean response time is calculated only based on target trials that the participants correctly identified and responded to. In a second filter, for the computerized task, all trials with response times lower than 200 ms or higher than 3,000 ms (0.0%) were excluded (e.g., Lautenbach et al., 2016). For the soccer-specific task, the same filter (0.0%) was used but with 400 ms as the lower bound due to longer responses times for the whole-body movement (Morya et al., 2003). In addition, a third filter excluded all response times that deviated ±3 SD from the individual mean were excluded (computerized 0.0%, soccer-specific 0.0%). Both filters were applied to control for extreme results caused by, for example, speculating or waiting too long, thus being inattentive to the task.

In order to calculate the overall accuracy in a first step, the percentage of correct answers to target trials and the percentage of false alarms were determined. Then, the percentage of correct target trials (e.g., 70%) minus the percentage of incorrect answers for non-targets (i.e., false alarms, 10%) was calculated (e.g., 60% overall accuracy). Additionally, we investigated the percentage of missed target trials (e.g., 30%) as this provides a measurement of how many correct answers went into the analysis of response time, which is only measured based on correct responses to target trials. This additional measure is relevant as some athletes might be fast in their response time but only a small number of trials were answered correctly.

Overall, three players had to be excluded because of incomplete data sets (two in the computerized task because only half of all trials were recorded, one in the soccer-specific task because incomplete data collection). Thus, the analyses included a total of 57 participants.



Data analyses

The dependent variables were first checked for normality and outliers. For both tasks, accuracy and response time parameters were normally distributed. Two outliers were detected for the 3-back task with regard to accuracy values in the general computerized task. For the soccer-specific task in the SoccerBot100, no outliers were detected. All data were analyzed using SPSS Statistics, version 25. Initially, the level of significance was set at p < 0.05 for all analyses.

First, to control for potential influences of motivation and perceived exhaustion, we checked whether there was a difference in motivation or perceived exhaustion prior to the computerized and soccer-specific task by running two paired t-tests. If differences were found, we followed up by calculating Pearson correlations with the dependent variables of accuracy and response time.

To test convergent validity for the soccer-specific task (Hypothesis 1), we calculated Pearson correlations between response time and accuracy for the general, computerized task, and the adapted soccer-specific version. In addition, we controlled for potential learning effects by calculating paired t-tests for response times and accuracy between block 1 and block 2 within the respective tasks. Finally, we ran dependent t-test to assess the fun and stress participants perceived during the two versions of the tasks.




Results

Statistical analyses indicated the same pattern of results when outliers were included and thus, all analyses are reported including the outliers. The descriptive statistics for response times and accuracy for the computerized general and soccer-specific versions of the 3-back task are shown in Table 2. Reliability, assessed via split-half reliability (coefficient r) and Cronbach’s Alpha for response time parameters, show high values for both computerized general (r = 0.72; α = 0.72) and soccer-specific task (r = 0.78; α = 0.78).



TABLE 2 Descriptive statistics for the general, computerized, and soccer-specific versions of the tasks measuring working memory (n = 57).
[image: Table comparing descriptive statistics for computerized and soccer-specific tasks. For computerized tasks: RT (response time) mean is 970.2 ms, SD 231.61, range 601.6 to 1505 ms; overall accuracy is 51.44% with 15.02 SD, range 10.91% to 88.48%; false alarms mean 9.82%, SD 5.2, range 2.86% to 32.86%; missed targets mean 35.78%, SD 13.47, range 0% to 70%. For soccer-specific tasks: RT mean is 1542.95 ms, SD 192.9, range 1117.06 to 1871.73 ms; overall accuracy 60.18%, SD 15.02, range 20.95% to 90%; false alarms 5.66%, SD 3.74, range 0% to 15.71%; missed targets 33.8%, SD 13.76, range 6.67% to 63.33%.]


Convergent validity

For the computerized and the soccer-specific working memory tasks, correlational analyses revealed significant positive correlations for response time (r = 0.446, p < 0.001) and overall accuracy (r = 0.401, p < 0.001). The analyses regarding the missed targets confirm the correlations (r = 0.352, p < 0.001) as well as the false alarms (r = 0.409, p < 0.001). Further results of correlational analyses are presented in Table 3.



TABLE 3 Correlations for response time and accuracy values between computerized and soccer-specific 3-back task.
[image: Table comparing computerized and soccer-specific task variables. Response time (RT) target trials are positively correlated with soccer-specific tasks. Accuracy (Acc) for all trials shows a strong correlation, while false alarms and missed targets vary in significance. Significant values are noted with asterisks: *p<0.05, **p<0.001.]



Control variables (motivation, perceived exhaustion, stress, and perceived fun)

Players reported to be significantly higher motivated prior to the computerized general (M = 77.93, SD = 16.24) in comparison to the soccer-specific task (M = 68.28, SD = 21.78), t(56) = 4.13, p < 0.001, d = 0.548. A Pearson correlation revealed significant positive correlations between motivation before the soccer-specific task and response times in the soccer-specific task (r = 0.288, p = 0.030).

The perceived exhaustion was significantly lower prior to the general computerized task (M = 20.51, SD = 19.13) in comparison to the soccer-specific task (M = 34.77, SD = 24.26), t(56) = 4.9, p < 0.001, d = 0.654. A Pearson correlation revealed significant negative correlations between response times and perceived exhaustion (r = −0.289, p = 0.030) in the SoccerBot100. No significant differences in perceived stress were shown after the computerized (M = 60.14; SD = 24.20) and the soccer-specific task (M = 54.35, SD = 25.58), t(56) = 1.79, p = 0.078, d = 0.237.

Finally, participants perceived the task in the SoccerBot100 to be significantly more fun (M = 73.56, SD = 22.09) than the computerized task (M = 44.47, SD = 25.22), t(56) = 8.86, p < 0.001, d = 0.436. A Pearson correlation, however, did not show any significant correlations between perceived fun and performance in the computerized or soccer-specific task.



Learning effects

For the computerized task, no significant differences in response time was found between the first (M = 992.70, SD = 267.29) and the second block (M = 950.34, SD = 247.59), t(56) = 1.32, p = 0.190, d = 0.185. This also applies to the mean accuracy values in the first (M = 49.84%, SD = 19.13%) and second block (M = 53.03%, SD = 19.39%), t(56) = 1.01, p = 0.314, d = 0.134.

Similar results were shown in the soccer-specific task. For response times, no differences were found between the first (M = 1527.33, SD = 216.08) and second half (M = 1555.57, SD = 209.65) of the test runs, t(56) = 1.18, p = 0.240, d = 0.156. Also, no differences were found for accuracy (M1st block = 59.04%, SD1st block = 17.91%; M2nd block = 61.32%, SD2nd block = 15.39%), t(56) = 1.01, p = 0.371, d = 0.134.




Discussion

Following the previous development of tasks to assess inhibition and cognitive flexibility with soccer-specific stimuli and soccer-specific motor response (i.e., pass), the aim of this study was to develop and validate a task measuring working memory (updating) in the same setting. For convergent validity of the general and the soccer-specific task, we found significant positive correlations for response time as well as accuracy parameters of both tasks. These results as well as the also acceptable values of the reliability indicate that the adapted 3-back task is applicable to measure working memory in adult soccer players.

In general, the use of the n-back task to determine individual differences in working memory has been controversially discussed (Jaeggi et al., 2010). Due to weak correlations with performance in other working memory tasks, this discussion mainly focused on the question of whether the n-back task only measures working memory (Kane et al., 2007; Miller et al., 2009). Given the dynamic nature of the task (Frost et al., 2021) and complexity of EFs (Miyake et al., 2000), researchers also highlight the potential impact of additional processes. For example, Miller et al. (2009, p. 716) concluded, that “n-back accuracy may rely more on information processing speed or motor speed than on working memory…,” independent of the applied n-back load that was investigated (1-, 2-, and 3-back loads).

Against the background of a complex performance structure, it can be assumed that working memory performance in soccer is also subject to these processes. Players must not only be able to retrieve and update information, but also adapt their (motor) actions. It is possible that these demands are also represented by the n-back task, since studies with elite soccer players show correlations with soccer performance. It was shown that scores from the n-back task correlated with goals scored during the season as well as a superiority of elite athletes over athletes and non-athletes (Vestberg et al., 2017; Holfelder et al., 2020).

With respect to the significant but moderate correlations detected for response time and response accuracy for the assessment of convergent validity, the differences between the tasks must be considered. Although the soccer-specific task was based on the computer-based task and is supposed to measure the same construct, there are methodological differences that might limit higher correlations between the tasks. With the implementation in a different environment as well as the differences in terms of response modality and presented stimuli, relevant parameters such as the duration of the stimuli and the time for response were also adjusted. It is possible that these aspects provoke different response behavior. In this context, common method variance (Bryman, 1989) could also be present. This describes variance caused by the measurement method itself rather than the constructs that the measurements represent. Additionally, response format and the general context of the applied methods (Podsakoff, 2003) differ between the computerized and soccer-specific task, despite the fundamentally same construct that the tasks measure (i.e., working memory).

Under closer examination of the results of both tasks, it is noticeable that the accuracy in the soccer-specific task is considerably higher. This may be due to habituation or learning effects between tasks, as the task in the SoccerBot was always performed second. However, at least within the tasks, there were no indications of learning effects. Another explanation would be the longer presentation of the stimuli in the soccer-specific task due to the more complex motor responses. This is consistent with studies showing that image recognition, as well as numerical discrimination accuracy, increases with longer stimulus duration (Bird and Cook, 1979). In this context, it has been shown that information reception as well as memorizing of stimuli is facilitated by longer presentation through repeated recall (Inglis and Gilmore, 2013; Pergher et al., 2020). With respect to the current soccer-specific task, it might also be plausible to assume that better accuracy might be due to the more relatable stimuli (i.e., soccer-specific pictures) used. This assumption aligns with previous studies that emphasized the importance of the strength of the stimulus in making fast and accurate decisions (Palmer et al., 2005). Hence, familiar stimuli are easier to process and effectiveness is even further increased for meaningful stimuli (Lupyan and Spivey, 2008). With regard to the sample of experienced soccer players, the soccer-specific images may have been of different meaning and thus, more relatable than the neutral objects in the computerized version. With regard to the different images in the tasks, the similarity of the images could also play a role here. The more similar the stimuli used, the more likely they are to be confused by the participants, thus, producing false alarms. However, more false alarms were produced in the computer task than in the soccer-specific task, although the images presented should be more clearly distinguishable than the images of soccer actions (for overview of all images used, see Supplementary material section C). Thus, it seems more likely that the shorter presentation of the stimuli and reaction time in the computer task provokes false alarms.

With regard to the considered influence of control variables, ambiguous results were shown. Motivation was significantly higher prior to the computer task than prior to the soccer-specific task whereas perceived exhaustion was higher prior to the soccer-specific task. Both results can be explained by the previously performed computer task itself. In other words, motivation decreased after the computer task and perceived exhaustion (mainly cognitive exhaustion also referred to as cognitive or mental fatigue; Sievertsen et al., 2016; Smith et al., 2018) increases which has been shown in previous research focusing on such laboratory tasks (O’Keeffe et al., 2020). There was moreover a negative correlation between exhaustion and response times in the soccer-specific task. Since the perceived exertion was assessed before the soccer-specific task and was significantly lower than before the task on the computer, it can be assumed that this is mainly cognitive exertion. Accordingly, the results are in line with studies on mental fatigue and its associated decline of soccer-specific performance factors including decision-making skills (Smith et al., 2016). Interestingly however, accuracy was higher in the soccer-specific task and thus, we would argue that this did not affect cognitive performance in the soccer-specific task.

Further, we found a positive correlation between motivation and response time in the soccer-specific task, indicating that higher motivation is related to slower response times in the soccer-specific task. However, as we did not measure motivation and perceived exhaustion after the soccer-specific task, and results actually indicated that players had more fun performing the soccer-specific task (see also Musculus et al., 2022), we would argue that the differences in prior motivation and perceived exhaustion to the tasks are negligible. Though, with regard to motivation and experienced fun, which correlated negatively to response time in the soccer-specific task, our results seem to contrast with findings showing that enjoyment leads to faster motor actions (see, e.g., Rathschlag and Memmert, 2013). However, results are hardly comparable as athletes had to react as fast as possible to presented stimuli in our study, thus they experience a cognitive load, whereas in Rathschlag and Memmert (2013), they had to throw a ball as fast as possible without responding to a stimulus.

Since this study primarily aimed at testing the validity of the developed soccer-specific n-back task, further investigations with regard to interindividual differences that could be reflected by performance of the task are relevant (see, e.g., Kalén et al., 2021). In this context, future research should investigate soccer players with different expertise levels and age groups as this might help clarify which cognitive functions are either developing (De Luca et al., 2003) or determined by expertise (Verburgh et al., 2014).


Limitations

This study has some methodological limitations. The first is related to the study design: For each participant, the soccer-specific task was conducted after the computerized task. This could have potentially resulted in learning effects, which, on the one hand, were intended to reduce physical exhaustion and prevent injuries in the SoccerBot but, on the other hand, might have biased the results in the SoccerBot. However, potential learning effects within the two blocks of the respective tasks have not been identified. A further methodological limitation of the SoccerBot is the starting point for passing and response time assessment. The starting point from which the passes are played is located in the center of the artificial grass area, 5 m away from the screens. We have placed a marker and instructed the players to play from this spot, nevertheless, slight variations in movement execution are possible. Response times were inferred from a camera that assesses 120 frames/s (see also Musculus et al., 2022). Based on our results, however, the response time measures seem to be sufficient to detect variance in the response times similar to the computerized task. With regard to ecological validity of the developed task, we are aware that the representativeness of the applied stimuli is somewhat limited. The transfer of the required perception-action coupling for on-field performance is restricted as the players in the pictures often perform actions with a ball. In order to increase the representativeness of actual game situations, it would be conceivable to depict players in free spaces demanding the ball. The challenge here, however, is that differences between the images would only be marginal and could thus, easily lead to other methodological limitations such as an increase in false alarms. If the players in the pictures only differed in size and shape, it would be very difficult for the participants to distinguish and recall these differences in the short time span.



Conclusion

In the present project, we aimed to develop a soccer-specific working memory task (n-back) in the SoccerBot100 and thereby expanding the repertoire of measuring soccer-specific inhibition and cognitive flexibility. Given significant correlations for response time and accuracy between the general, computerized and the adapted soccer-specific 3-back tasks, indicating convergent validity, we would argue that the task is applicable to measure soccer-specific working memory. Accordingly, together with the previously validated task, it is now possible to assess all three core EFs in a soccer-specific manner. Thereby, further investigations on the tasks’ external validation, for example in the context of other soccer-specific motor skills or the overall game performance are possible (see also Scharfen and Memmert, 2019; Heilmann et al., 2022). Finally, these further studies may allow conclusions to be drawn about the importance of EFs and enable to examine the expression of the individual EFs and their interaction.
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The article commences with a fundamental objective: to comprehend movement skills in sports in a manner that can bridge the dualist gap between experiential qualities observed in practice and theoretical and mechanistic explanations. Drawing inspiration from Kuhn’s concept of scientific paradigms, practical examples from skiing research, and innovative insights into the integration of phenomenology and mechanistic explanation in cognitive science, we have outlined a three-step integrative approach. The first step entails the development of phenomenological descriptions of the primary experiential qualities inherent in the execution of the skills being investigated. In the second step, phenomenological descriptions play a pivotal role by setting constraints and delineating a space for the elaboration of multilevel mechanistic analyses. These analyses draw upon insights from various fields, encompassing biomechanics, motor control approaches, expertise studies, and cognitive science. The third step involves the systematization of findings and the formulation of sport-specific movement skills theories. We contend that such theories hold substantial significance as they serve as valuable supplements to skill studies conducted within rigid, nomological frameworks. Sport-specific theories include descriptions of first-person experiential qualities and can contribute to bridging the theory-practice gap effectively.

KEYWORDS
 movement skills, mechanistic explanations, phenomenology, integrative approach, sports


Introduction

Human movement skills, understood as functional and efficient solutions to movement tasks, can be studied in several ways. One main approach is based on natural science in which the body and its movements are described in objective, quantitative terms and explained mechanistically with the help of scientific disciplines such as biomechanics and motor control and learning. For example, a traditional motor control approach starts from insights into the neuromuscular interplay between a hierarchy of central nervous system (CNS) structures and sensory inputs from the involved structures (e.g., muscles). Skill development is explained by the plasticity and adaptability of the human organism.

A second approach emphasizes the subjective first-person perspective and analyses experiential qualities in movement. With inspiration from phenomenology, descriptions of movement skill execution are presented with concepts such as rhythm and flow and with references to specific experiential qualities as found in the ‘tribal’ language of athletes and coaches. The approach can connect to constructivist approaches in the social sciences, where learned movement patterns are seen as outcomes of socialization within the context of cultural norms and values.

There are major differences between these approaches. They are based on different epistemological and methodological premises. The mechanistic approach offers explanations and predictions within well-defined theoretical frameworks. The phenomenological approach represents the quest to describe and understand practice as ‘lived’ and experienced by practitioners.

The question to be addressed here is whether the mechanistic and phenomenological approaches are mutually exclusive or whether the apparent gaps can be overcome in scientifically sound ways. Firstly, and with the help of Kuhn’s idea of scientific paradigms, we will discuss the challenge of paradigmatic incommensurability, questioning to what extent and in what sense such a challenge may exist between phenomenological and mechanistic accounts. Secondly, and with examples from existing sports research, we will examine limitations and possibilities in the handing this challenge. With backing in works by Montero (2016) and Pokropski (2021) in particular, we will point to solutions in which phenomenology and mechanistic approaches can be integrated. Thirdly, and on this basis, we will outline the main steps of an integrative approach to movement skills.



Kuhn, paradigms, and incommensurability

Kuhn’s (1962/1996) work on the structure of scientific revolutions, particularly his conceptualization of scientific paradigms, has exerted a significant impact on the understanding of scientific development. Although receiving criticism for his theory of paradigm change (Mizrahi, 2018), the scientific paradigm concept has proven fertile and has become a standard reference in academic discourse. In the most extensive interpretation, a scientific paradigm consists of a disciplinary matrix, that is, a basic pattern of metaphysical assumptions, theoretical and methodological concepts, and best practice guidance that, for some time, is a commonly accepted framework within a scientific discipline or research area (Bird, 2022).

For example, a biomechanical study of movement skills from a third-person point of view offers quantified descriptions, mechanistic explanations, and predictive force. The alternative phenomenological approach examines the experiential qualities of movement skills. The methodological ideal is to describe the world as lived (Lebenswelt) and explore skill execution from a first-person point of view.

In Kuhnian terminology, the two approaches could be conceived as incommensurable and belong to different paradigmatic traditions (Oberheim and Hoyningen-Huene, 2018; Bird, 2022). One indication of incommensurability is that the main theoretical and methodological concepts of one approach can not be translated and applied in meaningful ways in another (Boyd, 1991). For example, references to mechanical forces in movement are not commonly used in a description of experiential qualities, and phenomenological analyses referring to experiential qualities do not make sense in a biomechanical analysis.

This is not necessarily problematic. The original Kuhnian idea of scientific revolutions, in which the hegemonic scientific paradigm is challenged and eventually replaced with a new and incommensurable paradigm, is contested. As Toulmin (1970) and later Argamakova (2018) argue, empirically speaking, few, if any, scientific breakthroughs can be explained in this way. Current grand projects in the life sciences and neuroscience build on interdisciplinary and transdisciplinary multi-paradigmatic approaches. The alternative view is that different scientific paradigms are not mutually exclusive but complementary. For example, a combination of approaches to movement skills can enhance insight and understanding of the phenomenon.

Still, there is a challenge here. What emerges as a unified phenomenon in real life – an athlete performing at a high level of skill where all movement elements are integrated into efficient wholes – is split into several explanatory and interpretative schemes. Although research necessarily builds on the reduction of complexity, separating bodies of knowledge can prevent the integration of ideas and data and thereby limiting our understanding. On the other hand, if separate bodies of knowledge are bridged and integrated, their complexity may enrich our understanding.

Historically, the natural science and phenomenological schisma reflect classic Cartesian dualism in which the body and mind belong to two separate and qualitatively different spheres of reality: extended, material, and mechanistic substance (res extensa), and non-extended non-mechanistic thinking substance (res cogitans). In contemporary science and philosophy of mind, dualism has lost the ground it once possessed, yet the mind–body explanatory gap remains in numerous different versions, some of which are of special relevance in this context. Let us illustrate with examples from skiing research.



Current research on movement skills: limitations and possibilities

Consider the complex movement skill in the sport of ski jumping. Athletes experience their sport as a ‘contest against gravity.’ A peak experience of a successful jump is the feeling of ‘flying,’ ‘not landing,’ most clearly obtained in the largest hills where athletes appear to take off again after literally having scraped the surface.

Typically, practitioners’ accounts of embodied, experiential qualities play a marginal role in research. The standard approach is biomechanics. Core elements are the role of gravity, ground reaction forces, including the centripetal component in the curvature of the inrun, force development in the take-off action, and aerodynamics. From this perspective, athletes do not ‘fly’ but predominantly fall and glide, postponing the landing, which is possible due to the smart use of aerodynamic forces.

The reductionism of the approach, that is, the attempt to describe and explain a phenomenon in an analytic breakdown into its basic entities, limits knowledge outcomes. Anecdotally, a simulation study on the mechanics of the inrun action in ski jumping revealed a complex mathematical problem at the end of the radius when entering the straight take-off table of the ski jump (Ettema et al., 2005). In the moments before take-off, the centripetal ground reaction force component and rotation abruptly disappear. In the real world, the well-trained ski jumper has no issue with this change in condition. However, solving this issue mathematically and simulating the real world appeared difficult.

The next step of the study was to add perspectives from neural control and imperfection.1 The ski jumping simulation indicated that the rate of muscle force generation needed to manage the transitions between radius of the middle part of the inrun and the straight ski jump while maintaining body position was beyond feasible. Nevertheless, somehow motion must occur. In real life, then, instructions like ‘maintain a constant position’ can become a quest for an ‘undesired Utopia’. The question arises as to whether small movements by the athlete during the inrun are an imperfection, a necessity, irrelevant, or perhaps even an advantage.2 In other words, the mechanistic approach (biomechanics) seems to miss the essential qualities of the phenomenon it aspires to explain: good ski jumping technique.3

Another inadequacy is the lack of conceptualization of movement skill innovation and development. The quest for performance enhancement is a core aspect of an athlete’s skill training. An example from cross-country skiing is illustrative. In the early 2000s, the Swedish skier Bjørn Lind sprinted faster than any other skier in the double poling technique. A skier’s movements and speed can be explained by analyzing the frequency of double poling along with cycle lengths. Lind could produce longer cycle lengths than other skiers by using the legs extensively in a forward ‘jump-like movement’ in the repositioning phase before he dropped his body mass on the poles in the repositioning phase. This was later described as the ‘modern’ double poling technique (Holmberg et al., 2005). The underlying mechanics were further investigated 10 years later. The active and rapid extension of the legs to rise and forward-rotate the center of mass increased the potential and rotational energy, in which an effective energy transfer to mechanical energy and propulsion through the poles in the subsequent poling phase would enable fast double poling speeds (Danielsen et al., 2015).

Mechanistic analyses are efficient in the critical assessment of already existing movement skills. The focus is primarily retrospective in kind. In a more comprehensive approach, insights must be integrated from actual practice in which movement creativity and innovation play important parts.



Interplay: toward a non-reductive physicalist point of view

The quest for a broader, integrative approach faces paradigmatic tensions. This concerns not only theoretical and methodological issues but metaphysical assumptions as well, among them views on the body–mind relationship and the nature of consciousness. A detailed discussion of various positions is beyond the scope of this essay. A brief review, however, is necessary to understand the premises of our further argument.

Basically, we face here what Chalmers (1995) calls ‘the hard problem of consciousness’: how to explain the relationship between physical phenomena, such as the neuromuscular interplay between sensory inputs in the execution of movement skills, and the subjective experience of the same execution, or ‘what it is like’ from a first-person point of view.4

Several solutions have been proposed. To a reductive physicalist, mind is matter and can be explained in mechanistic terms. For instance, if we, sometime in the future, acquire sufficient insight into the neurophysiology and biochemistry of the brain, the subjective experience of skill execution can be fully explained by chains of cause-and-effect relationships. The hard problem of consciousness does not really exist.

The position is criticized on many accounts, among them that one and the same mental state, for instance, the discomfort of anaerobic fatigue during intensive training, can have a variety of realizers of both physiological and psychological kind. To explain a particular mental state with reference to one main explanatory scheme seems impossible. More generally, reductive physicalism is limited when it comes to accounts of the extensive variability and diversity in human interpretation and sense-making. Highly motivated athletes see anaerobic fatigue as a sign of high-quality training and development. ‘No pain, no gain’, as the slogan goes. Others react negatively and associate fatigue not with progress but with destructive pain.

To the classical Cartesian dualist, the solution is to see mind and matter as ontologically belonging to different spheres of reality. In modern terms: Neurophysiological response and its subjective interpretation have no relation. This naturally lends itself to a dualistic epistemology, where we operate in two different worlds understood by two different paradigms – one mechanistic and one interpretive. Whilst Cartesian dualism is no longer a viable ontology in research, the latter epistemological assumptions are common in the sports sciences (Loland and McNamee, 2017). For instance, the main body of research on movement skills is anchored in a mechanistic paradigm. In a comprehensive understanding of movement skills, the exclusivity of that focus is contra-intuitive. How can intentional movement be understood if the first-person perspective is ignored?

Contemporary cognitive science is dominated by a non-reductive physicalist point of view in which mental states have their origins in physical phenomena but cannot be fully explained in simple, mechanistic terms (Changeux, 1997, 2004). Varela et al.’s (2016) study of ‘the embodied mind’ interprets consciousness by integrating phenomenological (and Buddhist) accounts of human experience with cognitive science. Varela et al. point to the position of ‘enactivism’: The living body is seen as a self-producing and self-maintaining system that enacts and brings forward relevance and meaning in the world. Embodied cognition, for instance in the execution of movement skills, finds its form in complex, senso-motoric interaction with the world.

Gallagher and Zahavi (2012) refers to the 4 E’s of an enactivist approach: Cognition is not a matter of inner representations of events in the world but is embodied (anchored in senso-motoric and perceptual capabilities of the body), embedded (intentional and always directed toward objects and events of the world), enacted (focusing on affordable objects and events), and extended (emerging in a deep interaction with environmental objects and events).

As will be shown below, the recent attempt by Pokropski (2021) of phenomenological analysis as a starting point for an integration with multi-level mechanistic explanation in cognitive science provides an interesting framework for movement skill studies. In the most extensive understanding, a particular experiential quality is the tip of the iceberg of an immensely complex interplay between an individual’s biology and ‘lived’ history from the moment of conception to the moment of performance.

What has been said so far on the need for a broader, integrative approach is in line with a non-reductive physicalist position. Even if mechanistic and phenomenological approaches differ in theoretical and methodological frameworks, they are seen as complementary ways of describing the same physical reality. However, although being broader than what is found in traditional movement analysis, our scope is not the complete mapping of all contributing factors in skill development but the far more restricted aim of examining factors with immediate and significant impact in the execution of skills.

In the last decades, non-reductive physicalist ideas have exerted impact in movement skill studies. Newell’s (1986) work on the functional aspects of movement and the significance of interactions between organismic, environmental, and task constraints in coordination development has provided essential theoretical groundwork. Examples can be found in the works of Ettema and colleagues (Ettema et al., 2017, 2018, 2023; Løkkeborg and Ettema, 2020) on the impact of environmental or task constraints, such as incline, speed, and power demand, on the selection of sub-techniques in classical roller skiing. Still, there remain unanswered questions when it comes to integrating a first-person perspective. While their findings closely aligned with expectations based on the metabolic efficiency of these techniques, none of these factors could be identified as the sole controlling environmental parameter. Moreover, significant inter-individual differences were observed.

The phenomenon of hysteresis, as seen in the speed-dependent walk-run transition, was also evident in these studies. Hysteresis cannot be adequately explained solely by the concept of ‘minimizing energy expenditure’ but is better elucidated by dynamical systems models (e.g., Haken et al., 1985; Hommel et al., 2001). In this context, the ideas proposed by Wolpert et al. (1995), introducing the subjective comparison between intended, anticipated, and perceived results of movement, are particularly relevant. If hysteresis, essentially a delay in action, is a natural occurrence in sub-technique selection and disappears under artificial conditions (e.g., changing environmental/task constraints but not power demand), one could argue that the comparison between intended and anticipated outcomes is unnaturally influenced. It is worth noting, however, that these dynamical systems models do not seem to encompass the holistic phenomenological experience of athletes, including sensations described as ‘being in rhythm’ or ‘in the flow.’

A final example from cross-country skiing research includes an attempt to integrate the subjective, first-person point of view. Cross-country skiing technique has been analyzed by advanced global navigation satellite systems and inertial movement unit analyses combined with heart rate measurements and video (Tjønnås et al., 2019; Seeberg et al., 2022). The objective measurements allow the determination of the speed and position of the skier, cycle rate and length, body, ski, and poling angles, the timing of the movements, and indications of the metabolic effort. Thereafter experiential qualities can be captured in a more inclusive way by the athlete subjectively describing the race and positioning, the technical solutions, and the feeling of fatigue toward the finish line. Many experiential qualities might be well correlated with the objective data, demonstrating links to mechanistic explanations. Others might deviate and challenge both explanations and the experience of the skier. But again, some (important) experiential qualities, such as those of ‘flow’ or ‘rhythm’, may not be captured. There is need for alternative approaches.



Executive knowledge: ‘knowing how’ versus ‘knowing that’

From the non-reductive physicalist perspective, the gap between the first and third-person point of view is primarily epistemological in kind. Ryle’s (1949/2009) distinction between ‘knowing-that’ and ‘knowing-how’ exemplifies this. ‘Knowing-that’ refers to being able to describe and explain a skill or competence, as in the biomechanics of successful skiing technique. ‘Knowing-how’ refers to the executive practical knowledge of performing the same skills as in actual well-performed skiing. Ryle criticizes what he sees as a dualist, ‘intellectualist legend’ with the implicit understanding of an ontologically independent mind, or a ‘ghost in the machine’, that secures successful outcomes by strict rule-following. Ryle’s point is the opposite: Execution of skills precedes and is independent of its articulated explanation.

In athlete and coach communities, the primary interest is in ‘knowing how’ expressed in vague and generic ‘tribal’ terms and in instructional nudges such as ‘finding the rhythm,’ ‘going all in,’ ‘being alert yet relaxed’, and ‘becoming one with the task’. What more can be said of ‘knowing how’?

One commonly held view emphasizes automatization. At their best, skill experts perform ‘without thinking’. Beilock and Carr (2001. p. 702) talk of the ‘expertise-induced amnesia’ hypothesis. The hypothesis finds some empirical support in Csikszentmihalyi’s (2008) theory of expert ‘flow’-experiences with an optimal tension between challenge and mastery and in Dreyfus et al. (1986) phenomenological-based theory of non-conceptual and smooth coping. The view is usually accompanied by the idea that if performers think critically while performing, skills break down into fragments, and performance quality decreases.5

In the philosophy of sport, this view has met significant critique (Moe, 2005; Breivik, 2014; Ilundáin-Agurruza, 2014; Borge, 2015; Montero, 2016; Birch, 2017). On a broader scale, Montero (2016) develops the critique and defends the alternative ‘cognition-in-action’ principle. Skill execution takes deliberate effort and includes critical problem-solving and self-teaching. Successful performances in fields such as dance, music, chess, and sports are characterized by clear performer intention, balanced effort, ongoing critical review and adjustment, and a quest for control. Negative and unpleasant thoughts are ‘washed away’.

Recent insights into the functioning of the brain provide empirical support to skill execution as various modes of deliberate and cognitive action. In their review of current research, and pointing to the work of, among others, J.-P. Changeux and G. W. Edelman, Farisco et al. (2017) portray the brain as a complex, dynamic, and plastic organ that is spontaneously active and predisposed to be projective in the evaluation and modeling of the world. Brain architecture opens for ‘… a complex flow of feedforward and feedback loops’ in explicit and aware as well as in implicit and unaware functional modes (Farisco et al., 2017, p. 2015).

Borge’s (2015, p. 125) distinctions between three modes of knowing how to do a sport seem to follow this line of reasoning. There is reflective awareness of knowing-how (as in Montero’s ‘cognition in action’), in-zone awareness of knowing-how (as in Csikszhentmihalyi’s flow), and even zoned-out awareness of knowing-how (as during the transportation stretches of a skiing race in which the racers are in control without focusing on the execution of their skiing technique). Bergamin (2017) and Christensen et al. (2016) portray a view of skilled action in which these modes of skill execution are ‘meshed’ and overlap and interact:

 Automation has clear benefits for skill control: the integration and simplification of action control can make action production more efficient. But cognitive control nevertheless makes a vital contribution to skill control by determining the nature of the situation and configuring and adjusting lower-order sensorimotor processes appropriately. Cognitive and automatic processes thus characteristically operate together in an intimately meshed arrangement, with cognitive control typically focused on strategic task features and automatic control responsible for implementation.



The reference to sensorimotor processes indicates that this ‘meshed arrangement’ is closely connected with the proprioceptive sense.



Proprioception and experiential qualities

In Montero’s (2016) view, proprioception, sometimes used synonymously with kinaesthesia, or the kinesthetic sense plays a core role. In Han et al.’s (2016) definition, the proprioceptive sense is ‘…an individual’s ability to integrate the sensory signals from mechanoreceptors to thereby determine body segment positions and movements in space’. More generally, the proprioceptive sense is defined as part of the somatosensory system and enables stability, accuracy, and efficiency in the solving of movement tasks by combining multiple inputs to the CNS from muscle and connective tissue receptors, as well as information from the vestibular system and the exteroceptive senses: vision, sound, and touch.

Proprioception is defined and explained not just physiologically but psychologically and contextually with impact from personality, sex, age, and situational factors such as the intensity and stress of a competitive situation. Montero (2016, p. 121) extends this perspective even further. In her view, proprioception is not just ‘…the sense by which we acquire information about the positions and movements of our bodies’, it is also ‘…an aesthetic sense, that is, a sense by means of which we experience beauty, grace, and other aesthetic properties’. Proprioception includes the phenomenological grasping of conceptualizable aesthetic experiences.

It should be noted that what is of interest is not the individual athlete’s subjective experience of a movement skill but the experiential, proprioceptive qualities that characterize the successful execution of the skill itself, its invariant and demarcating qualities in practice, so to speak. Montero’s core example is dance, where the many and various techniques have strict, intersubjective, and detailed prescriptions and where expressive, aesthetic elements play a key role. Examples from skiing can be the feel of perfect timing of the take-off in ski jumping or the sense of optimal power utilization in a double-poling sprint. The important point is that experiential qualities are representational: they are intersubjective qualities of lived practice that can be articulated and examined critically.

Insights into the experiential skill qualities are found not only among performers but in experienced observers as well. Discussing competent dance critics, Montero (2016, p. 201) talks of their reference to ‘kinaesthetic sympathy.’ In a similar vein, experiential qualities of sports skills are matters of shared understanding of both athletes and coaches and probably a key to their successful interaction.6

Whereas the practitioners’ language in dance deals with aesthetic qualities, ‘tribal’ coach and athlete language is influenced by biomechanics. In his study of alpine skiing technique, Loland (1992, 2008) has explored possible interconnections between experiential qualities and mechanistic explanations. Terms such as ‘being in balance,’ ‘finding support on the surface,’ and ‘optimal gliding’ can be operationalized in a series of detailed prescriptions on the use of hip and knee angling, and adaptive ski edging. Loland argues that most references to experiential qualities have their biomechanistic equivalents and can be translated into a mechanistic framework, thus suggesting complementarity. Balance deals with equilibrium conditions, and support from the surface and gliding with the efficient utilization and optimization of frictional forces. As with the dynamical systems approach, however, the integrating element, phenomenologically referred to as the pre-reflective and holistic sense of movement rhythm in which the execution of skills is experienced as a functional whole, seems to evade analytic operationalization. What can be done?



Toward an integrative approach

Pokropski’ (2021) work on integrating phenomenology with cognitive science offers possibilities. Phenomenology is used to give an initial description of the phenomenon under study and provide constraints for exploring relevant mechanistic explanations. We take inspiration in Pokropski’s approach in our outline three steps of integrative approach to movement skills.

The first step is to articulate and tentatively decompose the experiential qualities of good technique. To be able to grasp essential qualities, expert movement ought to be studied in situ and with reference to practitioners’ sense and understanding. There is a need for a phenomenological methodology to describe the experts’ life world (Lebenswelt): the directly perceived, pre-theoretical experience of executing movement skills. This is the first-person perspective of the sensorily engaged ‘lived body’ operating in a perceptual field of numerous actual and potential interconnections (Merleau-Ponty, 2012). Montero’s (2016) descriptions of proprioception in dance, and Loland’s (2008) the experiential qualities of alpine skiing, are inspired by phenomenological descriptions of this kind.

With this first step, functional and dynamic constraints can be identified, creating a space for the search for further analyses and mechanistic explanations (Pokropski, 2021, 139 ff.). Functional constraints are found by decomposing the skill under study into its constitutive elements or defining its ‘functional architecture’, so to speak. For example, in Loland’s analysis, the experience of well-executed alpine skiing technique is decomposed into three main technical elements: being in balance, finding support on the surface, and smooth and effortless gliding. In our interpretation here, dynamical constraints refer to how these qualities emerge and play out temporally in skill execution. Phenomenologically, Loland refers to the holistic experiential quality of movement rhythm or movement flow.

The functional and dynamic constraints provide critical criteria in the search for possible mechanistic explanations. We are now at the second step of the integrative approach. The aim is not to integrate phenomenology into a well-defined nomological framework as found in classical biomechanics but to explore a patchwork of multilevel explanations from multiple research fields (Pokropski, 2021, 79 ff.). For instance, being in balance can be explained with reference to biomechanical analysis of dynamic stability and/or motor control approaches based on dynamical systems theory. Finding support on the surface and smooth gliding implies the efficient use of frictional forces. Again, biomechanics and motor control approaches are of relevance. In addition, expert skiers’ fine-tuned sense for gliding and optimizing frictional forces require additional insights from, say, the neuroscience of proprioception. Movement rhythm understood phenomenologically refers to a holistic whole that is bigger than the sum of its parts. Relevant explanations can be found in cognitive science and in insights into the brain’s spontaneous and adaptive capabilities in evaluating and modeling the world ‘in action’, and from expertise studies discussed in detail in Montero’s (2016).

The integration of experiential qualities and mechanistic explanations is a critical and explorative exercise. The attempt is to describe and explain ‘lived’ skill execution. As is evident from the ski jumping simulation study discussed above (Ettema et al., 2005), there is no hierarchical ordering here in which ‘incomplete’ phenomenology is converted into ‘complete’ scientific analysis. Phenomenological accounts of a skill can also lead to the revision of empirical hypotheses and choice of explanations. The integrative process is holistic in nature.

A third step implies using the outcome of step two in the systematic theory building of skill patterns. This is an exercise of connecting and bridging key concepts and explanations in complementary and consistent ways. A systematic overview of the phenomenological structure of a skill and its multilevel mechanistic explanations constitute a theory of this skill. Integrative approaches give rise to specific skill theories. With their starting point in experiential qualities of actual skill execution and the explorative approach into multi-level relevant mechanisms, specific skill theories are different from and can complement theories developed within stricter nomological structures. An integrative approach connects the first-person ‘lived’ perspective with the third-person perspective of mechanistic science.



Concluding comments

We started this article by describing the need for a broader and integrated understanding of movement skills in sports that potentially bridges the gap between accounts of experiential qualities in practice and theoretical explanation. By starting from Kuhn’s idea of paradigms, using practical cases from skiing research and approaches as those found in among others Montero and Pokropski, we have sketched three steps of an integrative approach. Moreover, we have argued that the integrative approach can lead to sport-specific movement skill theories that complement traditional nomological movement science and strengthen the practical relevance of research.

Our outline is no ‘quick fix’ solution to bridging the theory-practice gap. Pokropski’s (2021) account of integrating phenomenology with cognitive science needs critical review and development (Ward, 2022; Madary, 2023). The very idea of integration is contested by critics who define phenomenology as a philosophical, transcendental perspective. Moreover, traditionally, scientific explanation is anchored in precise and conceptually clear theoretical frameworks. Attempts on explaining a skill with a pluralistic system of multilevel mechanistic explanations may seem challenging. No doubt, the integrative approach would require open-minded and multidisciplinary research efforts, substantial data processing power, and the exercise of a core scientific virtue: the non-reductive reduction of complexity.

The rewards might be worth the effort, however. Kuhn (1962/1996) argues that innovative insights and paradigmatic change often originate and develop at the margins of established scientific milieus. With its relatively short history and practical orientation, the sports sciences are at these margins. Further research along the lines of the integrative approach may lead to more innovative ways of understanding human skill execution. Expanding the perspective, the study of movement skills might be well-suited to shed new light on far more extensive questions, such as the nature of body–mind interaction and the nature of human consciousness.



Author contributions

SL drafted and wrote the article with contributions from GE and ØS.



Acknowledgments

The authors want to thank two reviewers and professor Kathinka Evers for valuable critique and comments.



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.



Footnotes

1   “No movement in sports is done perfectly; there is always room for improvement” is a popular expression. We may expand on this, positing that it does not need to be perfect to be beautiful, and neither does the control of movement; it simply needs to work.

2   Defining ‘imperfection’ from a mechanistic perspective is doomed to be limited. Some movement is required to handle any perturbation in the inrun (including the abovementioned transitions), which is a positive factor. On the other hand, movement may increase aerodynamic drag, which is a negative factor. Moreover, movement may affect (control of) the take-off action, which is an undecided factor. To put it differently, when searching for optimization, scientists (Ettema et al., 2005) may interpret the practical challenge (proceeding through the inrun with high speed and in a position that allows a good jump) incorrectly, thereby ‘barking up the wrong tree’.

3   Certainly, more complex mathematics that would have been able to solve the problem more elegantly exists, but such challenges arise most frequently in computer simulation and modeling. The use of integration solvers in a direct dynamics computer simulation is an example of not applying pure mathematics (algebra) when describing reality but searching for an optimal solution. Possibly, the development of artificial intelligence (AI) is the pinnacle of this ‘crusade’ and can provide new possibilities in this respect.

4   See Nagel (1974) who argues that the subjective character of ‘what it is like’ to have a certain type of experience, for instance of well-ececuted technique, escapes physical theory.

5   Anecdotally, and according to expert support staff, about half of Norwegian elite ski jumpers have no recollection of the take-off action right after the performance (having landed).

6   There is a connection here to Rizzolatti and collaborators’ hypothesis in neuroscience of ‘the human mirror system’ – or of an in-built ‘action-observation network’ (Birch, 2017). When observing motor action, specialized mirror neurons in the brain exhibit increased activity. Research in monkeys relates to basic motor action: grasping, touching, et cetera. It can be hypothesized that similar activation takes place in humans and that the mirroring function plays a role in the learning and critical evaluation of movement skills. This provides further empirical evidence for a non-dualist approach to understanding skill execution (Birch, 2017) and may have interesting practical implications, among them as a rationale for imitation as a main didactic approach in skill learning (Watanabe et al., 2017).
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Motor learning is central to sports, medicine, and other health professions as it entails learning through practice. To achieve proficiency in a complex motor task, many hours of practice are required. Therefore, finding ways to speed up the learning process is important. This study examines the impact of different training approaches on learning three-ball cascade juggling. Participants were assigned to one of two groups: practicing by gradually increasing difficulty and elements of the juggling movement (“learning in parts”) or training on the complete skill from the start (“all-at-once”). Results revealed that although the all-at-once group in the early stages of learning showed greater improvement in performance, the “learning in parts” group managed to catch up, even over a relatively short period of time. The lack of difference in performance between the groups at the end of the training session suggests that the choice of training regime (between all-at-once and learning in parts), at least in the short term, can be selected based on other factors such as the learner’s preference, practical considerations, and cognitive style.
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1. Introduction

Motor skills are an essential component of the expertise displayed by, and required of, individuals working in medicine or other health professions, as well as the basis for many human cultural achievements, from sports to art to music. Motor learning is typically defined as a relatively permanent change in a person’s capability to perform a skill as a result of practice (Wulf, 2012). The amount of practice needed for motor skill development to achieve a high level of proficiency is dependent on the complexity of the task and can require up to thousands of hours of practice (Pritchard and Taylor, 2022). Therefore, finding effective and efficient training methods that can speed up the motor learning process are an important motivation for many researchers (Zacks and Friedman, 2020).

Motor learning is central to sport and exercise contexts and entails learning and refining skills through practice (Daumiller et al., 2021). In this experiment, three-ball cascade juggling was selected as a means to test motor learning, because it requires training and engagement of complex motor skill activities that are similar to real sports performance (Morita et al., 2016). Juggling requires simultaneous control of multiple movements, a high level of bimanual eye-hand coordination according to the visual information that is perceived, stimulating the brain areas engaged in effortful processing challenges as in open-skill sport (Berchicci et al., 2017). According to Gentile’s taxonomy (Gentile, 1990), juggling would be described as having environmental constraints of motion with intertrial variability, and to have body stability requiring manipulation.

Variability throughout the learning process has been shown to enhance learning and performance in some studies. This can be achieved by practicing different variations of the same activity or changing the task difficulty (Raviv et al., 2022). A recent study compared learning complex upper-limb movements by practicing individual movement elements or practicing the entire trajectory. The control group in the experiment learned the full complex skill, whereas two other groups learned two different movement elements of the complete skill. The results demonstrated that training on a movement element benefited the performance of the full trajectory, the two groups who learned different elements showed similar improvements in the performance of the complex motor skill, despite training on different movement elements of the same complex movement. The findings show that complex movements can be learned by practicing their movement elements (Shaikh et al., 2023). Other studies have shown mixed results regarding whether part or whole practice is more beneficial (Sattelmayer et al., 2016). In this review of medical education, they did not find an overall significant difference between the learning strategies. Another study suggested subdividing the strategy of part practice into a number of subcategories, including “increasing difficulty” (Wickens et al., 2012), which is most relevant for learning juggling. In this meta-analysis, they found that increasing difficulty can be a good strategy for learning when the increase in difficulty occurs adaptively for each participant.

For successful learning, the role of the learner’s motivation and feeling of success is significant. In a previous experiment in golf-putting, enhancing learners’ expectancies by providing a relatively “easy” performance criterion for good performance relative to a more difficult one led to more effective learning of a golf-putting task (Palmer et al., 2016). In this experiment, we compared learning in easier difficulty levels that progress to full skill difficulty with learning the task from the start at the full skill difficulty.

In our experiment, we compared acquiring three balls cascaded juggling skills between two groups - one group learned at increasing difficulty levels through practicing elements of the full movement, while the other group learned the full complex movement at one consistent difficulty level. We predict that in the early stages of training, the group that practices the whole movement will perform better, but at the end of the session, the group that practices learning in parts will overtake their performance.



2. Methods


2.1. Participants

We recruited 40 participants from the student population at the Tel Aviv University campus through flyers placed around the campus and Facebook groups. Each participant came to the lab for a single visit of approximately 1 h. The inclusion criteria were: age 18–35, and right-hand dominant. The exclusion criteria were: ADHD diagnosis or previous juggling experience.



2.2. Equipment

The experiment was performed with three standard juggling balls. To ensure accurate counts, the participants were filmed using a GoPro Hero 7 camera for later analysis.



2.3. Experiment protocol

The participants were randomly assigned to one of two groups in a counter-balanced manner, which varied only in the type of training provided – learning in parts, or all-at-once. The experimental protocol is summarized in Figure 1.

[image: Flowchart comparing two juggling learning methods: "Learning in parts" with three stages (one ball, two balls, three balls) and "All-at-once" with one stage (three balls). Both methods involve a preliminary test and three subsequent tests, each using three balls for one minute, repeated three times.]

FIGURE 1
 Outline of the experimental protocol. There were 20 participants in each group.


Before and after each training period, the participants performed a juggling test with three balls for 1 min, repeated three times. Participants began the test while holding two balls in their right hand and one ball in their left hand. A successful three-ball juggling cascade catch was defined as follows: participants started by throwing one of the balls from the right hand diagonally across their body to the other side. As the ball reached its peak height, they threw the second ball from their left hand to the opposite side and caught the first ball. As the second ball reached its peak, they threw the third ball to the opposite side and caught the second ball. Finally, they caught the third ball. Participants earned one point for every set of three successful throws and catches, as described above, and additional points for each subsequent catch beyond the initial three. For example, if they successfully made four consecutive throws and catches, they received two points, and if they achieved five, they received three points, and so on. The total number of points for each test interval was calculated based on the cumulative number of successful catches within the one-minute juggling period. To account for potential variability in performance, participants performed the juggling test three times within each interval. The median value of the points from these three repetitions was used to determine their overall performance. The median is a statistical measure that identifies the middle value when data points are arranged in order, which can be more robust against outliers than taking the mean. The tests were recorded using a camera to confirm the counts during the tests, and the videos were solely used for this purpose.

The training consisted of three stages, each 13 min long that included 2 min of watching a video with instructions from a Youtube video “Learn to JUGGLE 3 BALLS - Beginner Tutorial” (Glenn, 2019), 1 min of going over the instructions together with the research assistant, 9.5 min of practicing juggling and 30 s rest while seated before the next test.

Details of which parts of the video were played are provided in the Supplementary material. The learning in parts group received three different sets of instructions:

	1. Juggling with one ball: Aim for the upper corner on the opposite side of the hand that is throwing the ball and throw the ball above eye height. Keep your forearm parallel to the ground. Throw the ball vertically so that it stays close to your body.
	2. Juggling with two balls: Start by throwing the ball in your right hand. When the first ball starts to lose height, throw the second ball. Aim with the balls for the same height above eye level. Throw the balls vertically so that they stay close to the body. To create a fixed rhythm between the balls, throw the second ball at the same time in every repetition, such that you throw the ball when the first ball starts to lose height. After enough repetitions, practice starting by throwing from the left hand.
	3. Juggling with three balls: Initially, you should have two balls in the right hand. Start by throwing one of the balls from the right hand. Aim for the upper corner on the opposite side from the throwing hand and throw above eye height. Keep your forearm parallel to the ground. When the first ball starts to lose height, throw the ball from your left hand in the same manner. When the second ball starts to lose height, throw the third ball from your right hand. Throw the balls vertically so they stay close to each other. In order to maintain a fixed rhythm, throw the second ball at the same time each cycle so that the next ball is thrown when the previous ball starts to lose height.

The all-at-once training group received the third instruction above in each of the three training sessions. In the experiment, the participants were instructed in Hebrew, the instructions provided here are a translation. The original Hebrew instructions can be found in the Supplementary material.

All participants signed an informed consent form before starting the experiment, and the experiment received ethical approval from and was run according to the guidelines of the Tel Aviv University Institutional Review Board (IRB). The participants received payment for their participation.



2.4. Statistical analysis

The demographic details (age, sex) between the groups were compared using an independent samples t-test and a chi-squared test, respectively. The test scores at baseline and in the three test sessions between the two groups was compared using a non-parametric mixed-design ANOVA (F1-LD-F1 design, with the ANOVA-type statistic) with a between-subjects factor of group, and a within-subjects factor of test (baseline, and tests 1–3). F1-LD-F1 refers to a longitudinal (LD) design with 1 whole-plot factor (F1 – i.e., between-subjects - in this case group), and one subplot factor (F1 – i.e., within-subjects - in this case test) (Noguchi et al., 2012). As a measure of effect size, we used the non-parametric “measure of stochastic superiority,” which we denote as A (Vargha and Delaney, 2000; Marmolejo-Ramos et al., 2013). This measure is defined as the probability that a sample taken from one condition/group will be greater than a sample randomly taken from the other condition/group. The values range from 0.5 to 1, with 0.56 considered a small effect size, 0.64 a medium effect size, and 0.71 a large effect size (Vargha and Delaney, 2000). Non-parametric analyses were used because some of the participants had scores of 0, hence the data cannot be normally distributed. The statistical analysis was performed using R (R Core Team, 2023) with the nparLD package (Noguchi et al., 2012). p values for the post-hoc tests were corrected using the Holm method.




3. Results

Forty participants took part in the experiment divided into two groups (Learning in parts: 10 males, 10 females, mean ± SD age 25.40 ± 3.87; all-at-once: 10 males, 10 females, mean ± SD age 25.65 ± 3.92). We did not observe a significant difference in age between the groups [t (38) = −0.217, p = 0.829]. The chi-squared test did not show a significant difference in the number of male or female participants between the groups [χ2 (1) = 0.0, p = 1.0].

The outcomes of the tests are shown In Figure 2. A main effect was observed for test [F (1.652) = 38.5, p < 0.001]. Note that the degrees of freedom are not integers because the nparLD package uses Box-type approximations for estimating the distribution of the ANOVA-type statistics (Brunner et al., 1997). Post-hoc tests showed that the score on test 3 (median 6, IQR 1–19.25) was greater than in test 2 [median 5.5, IQR 0–13.25; F (1) = 15.6, p < 0.001, A = 0.74], which in turn was greater than in test 1 [median 1.5, IQR 0–10; F (1) = 27.4, p < 0.001, A = 0.78], which was greater than the score at baseline [median 0, IQR 0–3.25; F (1) = 18.3, p < 0.001, A = 0.69]. A main effect of group was not observed [F (1) = 0.028, p = 0.87]. An interaction of test and group was observed [F (1.65) = 3.64, p = 0.034]. Post hoc tests, after the Holm correction, showed that a significant difference between baseline and test 1 was observed only for the all-at-once group (baseline: median 0, IQR 0–1; test 1: median 2, IQR 0–10.5, p < 0.001, A = 0.78) and not for the learning in parts group (baseline: median 0.5, IQR 0–4.25; test 1: median 1, IQR 0–6.25, p = 0.14, A = 0.6). Both groups showed a significant improvement between test 1 and test 2 [all-at-once: test 2: median 6, IQR 0–16, p = 0.015, A = 0.8; learning in parts: test 2: median 5.5, IQR 0–10.25, p = 0.002, A = 0.75]. Between test 2 and test 3, a significant difference was only observed for the learning in parts group [test 3: median 7, IQR 1.75–22.25, p = 0.001, A = 0.83] and not for the all-at-once group [test 3: median 5.5, IQR 0.75–18.25, p = 0.114, A = 0.65]. We also note that by test 3, no significant difference was observed between the groups [Mann–Whitney test, W = 197, p = 0.95, A = 0.55].

[image: Scatter plot and line graph comparing juggling test scores over four tests between two groups: "All-at-once" and "Learning in parts." Graph A shows individual scores; Graph B illustrates mean scores with error bars, indicating significant differences at multiple points across tests.]

FIGURE 2
 Juggling test scores of the participants in the two groups, for the baseline test and the three follow-up tests. (A) Juggling test scores for all subjects. For clarity, two outliers are not shown (although they were included in the statistical analysis), a graph including the outliers can be found in the Supplementary material. The data is jittered in the left–right direction to show all data points (B). The medians (filled circles) and interquartile ranges (error bars) for the two groups, summarizing the data from graph (A). The black horizontal bars indicate significant differences across all subjects pooled together (i.e., a main effect of test), while the blue and red bars indicate significant differences between consecutive tests for the all-at-once and learning in parts groups, respectively – the differences between the groups explain the observed interaction of test and group. *indicate p < 0.05; **indicates p < 0.01; ***indicates p < 0.001.




4. Discussion

In this study, we examined how differences in training affect learning outcomes in a juggling task. Analysis of the results revealed that either learning to juggle three balls all-at-once, or learning by gradually increasing the difficulty and number of balls showed distinctive learning patterns, with the group learning in parts initially lagging behind but eventually catching up to the group learning all-at-once. While the group practicing the complete movement initially showed more improvement, the learning-in-parts group closed the performance gap by the end of the last test. By the end of the training session, we did not observe significant differences in performance between the groups.

In a classic experiment comparing part practice to whole practice in juggling, it was found that whole practice led to faster learning to a criterion (100 consecutive catches) than part learning (Knapp and Dixon, 1952). It should be noted that this difference was found only at p = 0.1, and that the Student t-test used was likely inappropriate for the data (which, based on the mean and standard deviation presented, was highly likely not to be normally distributed). Additionally, the instructions in this experiment were different from the Knapp and Dixon study, which included practice with no balls and consisted of 5 min of practice per day until they succeeded in reaching the criterion (which took up to 36 sessions). These experimental differences make it difficult to compare the two studies. In children, the choice of whole vs. part learning in juggling differed as a function of age – younger children performed better with part practice, whereas older children performed better with whole practice (Chan et al., 2015). The authors suggest that these differences may result from differences in neural maturity, information-processing ability, and motor coordination as children develop.

Consistent with the experiment’s hypothesis, the “learning in parts” group exhibited a comparatively lower improvement at the beginning of the experiment during the first test, as opposed to the all-at-once group. This outcome may be explained by the principle of Specific Adaptation to Imposed Demands (SAID), that asserts the human body adapts in very specific ways to the types of stresses we apply to them during our training, whether biomechanical or neurological. The SAID principle suggests that the more similar the training is to the desired skill, the more transferable the improvements will be to that skill (Sevier, 2000). In this experiment, the principle of specificity suggests that learning the complete 3 balls cascade juggling may lead to greater initial improvements because it closely aligns with the actual task of juggling that is tested.

However, the “learning in parts” group managed to catch up to the all-at-once group, even over a relatively short period of time. This can be explained by the different aspects of motor learning. One potential explanation is related to the concept of variability of practice. The learning in parts training group engaged in practicing different elements of the juggling movement at various difficulty levels. This variability in practice may have led to enhanced cognitive processing and adaptability (Raviv et al., 2022). However, the lack of difference between groups suggests that either strategy is effective, at least in terms of short-term training. The implication of this is that the type of training to use can be based on other considerations. Future studies may help understand also whether part training leads to more effective transfer (e.g., to four-ball juggling) than whole training (Wickens et al., 2012).

It should be noted that the results suggest that perhaps if the experiment had been conducted over a longer duration, whether through more extended practice time, or additional sessions with the participants, we might have observed an even greater improvement in the learning in parts group compared to the all-at-once group. Studies of juggling over longer time scales have shown that different participants show different learning curves (Qiao, 2021), where most of the participants showed an S-shape curve, where the rate of learning starts off relatively slowly, then accelerates, and finally decelerates before reaching a plateau. Furthermore, the motivation and feeling of success experienced by the parts training group in the training stages may have played a significant role. The concept of providing a relatively easy performance criterion, as seen in previous studies, could have encouraged a sense of accomplishment and positive reinforcement among the participants (Palmer et al., 2016).

Despite the fact that all participants selected for the experiment declared no prior knowledge of juggling and age differences were relatively small, there was a significant heterogeneity among the results of the participants, even on the baseline test. The varied results may have arisen from the fact that humans vary considerably in their ability to perform and learn new motor skills, and tasks such as juggling are highly redundant (in a kinematic sense), i.e., there are many potential ways to coordinate body movements to initially succeed at the task (Yamamoto and Tsutsui, 2021), and performance is dependent on the tempo selected (Yamamoto et al., 2018). In addition, they respond to different performance and practice conditions in varying ways (Anderson et al., 2021). Motor learning, performance and transfer are highly specific and individualized (Pacheco et al., 2019). Considerable individual differences exist even at the level of basic reaction time and all the more so for complex coordination (Anderson et al., 2021). In addition, variability in growth patterns and movement experiences likely contribute to the observed variation in initial performance levels (King et al., 2012). Thus, it seems that participants with a background in an upper-limb-involved sport like tennis or basketball may have started with a better initial performance level.

As discussed before, three balls cascade juggling is a complex motor skill that requires simultaneous control of multiple movements and a high level of bimanual eye-hand coordination (Berchicci et al., 2017). Perception and anticipation of the moving balls determines the planning of subsequent motor actions (Draganski and May, 2008). In some ways, juggling is an all or nothing task, due to the high level of motor abilities required for scoring one point. As observed in the results, many participants did not even reach a single point, even after completing all of the training.


4.1. Limitations

While our research exhibited some insightful findings, it is important to acknowledge and address certain limitations that might influence the results. One key limitation is the duration of our study. In this study, participants arrived for 1 hour and accumulated a total practice time (practice and tests together) of 37.5 min. The relatively short time frame allocated for the experiment might have restricted the ability to fully capture the progressive evolution of juggling proficiency within both groups, as mastery of three ball cascade juggling typically takes significantly longer - acquisition of the three-ball cascade requires three learning processes: the cognitive stage (where large demands are placed on the learner to understand the instructions and formulate strategies), the associative phase (involving proceduralizing of task strategies to enhance performance and reduce errors), and the autonomous phase (when the task becomes automatic) (Bebko et al., 2003). In another study (Morita et al., 2016), participants practiced juggling for 15 min and then underwent a total of 45 min of tests conducted at three different time points. The study concluded that participants could not fully master the juggling skill within the limited initial training and practice sessions. In other words, most subjects remained in the learning stages of juggling. Another factor that should be considered is the relatively small sample size (N = 40, 20 per group). A larger participant group could have potentially demonstrated clearer results with less statistical error and less effects of individual differences.
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In cognitive–motor dual-task situations, the extent of performance decrements is influenced by the attentional requirements of each task. Well-learned motor skills should be automatized, leading to less interference. This study presents two studies combining an episodic memory encoding task with well-practiced motor tasks in athletes. Study 1 asked 40 rowers (early teenagers to middle adulthood) to row on ergometers at slow or fast speeds. In study 2, Taekwondo athletes (n = 37) of different skill levels performed a well-practiced sequence of martial arts movements. Performing the motor task during encoding led to pronounced performance reductions in memory in both studies, with costs of up to 80%. Cognitive costs were even larger when rowing with the fast compared to the slow speed in study 1. Both studies also revealed decrements in motor performances under dual-task conditions: Rowing became slower and more irregular (study 1), and the quality of the Taekwondo performance was reduced. Although higher-level athletes outperformed others in motor skills under single-task conditions, proportional dual-task costs were similar across skill levels for most domains. This indicates that even well-practiced motor tasks require cognitive resources.
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Introduction

The interplay of cognitive and motor performance is relevant in many everyday situations. For example, people are engaged in a conversation while walking, or they try to remember their grocery shopping list while riding their bicycle. Performing a cognitive and a motor task concurrently often leads to performance decrements (for reviews, see Schaefer, 2014; Koch et al., 2018; Broeker et al., 2022). Classic accounts on the nature of such deficits either propose a limited central resource that has to be shared between the two tasks (Kahneman, 1973), a limited pool of processing resources (Wickens, 2008), or processing stages that can only be operated sequentially by each task (Pashler, 1994).

While most cognitive–motor dual-task studies have been conducted with everyday motor activities such as walking, more challenging motor tasks from a sports context may also be used. In this context, experience with motor skills should enable athletes to reduce their dual-task costs. Theories on motor skill learning predict that automatized tasks require less attention (Fitts and Posner, 1967; Adams, 1971; Gentile, 1972). Dual-process theories propose that human behavior requires two different types of processes. Type 1 processes are independent of attentional control and support the execution of well-learned tasks. Type 2 processes depend on cognitive processing resources, such as attention and working memory capacity (Shiffrin and Schneider, 1977; Kahneman, 2011; Evans and Stanovich, 2013; Furley et al., 2015; Furley and Wood, 2016). They “take over” when the situation is complex and requires higher-order cognitive processes. If intensive experience with a motor skill leads to its automatization, skilled athletes should show smaller dual-task costs than novices when performing a cognitive task concurrently with their motor skills.

For sport-specific task combinations, studies in golf putting, baseball, rugby, soccer, track and field, ice hockey, climbing, or gymnastics reported the predicted performance advantages of experts (Leavitt, 1979; Parker, 1981; Abernethy, 1988; Castiello and Umiltà, 1988; Smith and Chamberlin, 1992; Vuillerme et al., 2001; Beilock et al., 2002a,b, 2004; Gray, 2004; Vuillerme and Nougier, 2004; Gabbett et al., 2011; Green and Helton, 2011; Gabbett and Abernethy, 2013; Darling and Helton, 2014). However, there is considerable variation in study designs concerning the use of discrete actions (e.g., reaction-time tasks and throwing a ball at a target) vs. continuous tasks (e.g., running, maintaining posture, skating, and working memory updating). In addition, many studies instructed participants to maintain their motor task performance under dual-task conditions and used the cognitive task primarily to disturb the execution of the motor task (in the sense of a “secondary task”). Single-task baseline performance in cognition has often not been measured at all. This makes it difficult to get a full picture of dual-task deficits. We argue that performance changes from single- to dual-task conditions should be measured for both task domains (Li et al., 2005; Schaefer, 2014; Plummer and Eskes, 2015). Proportional dual-task costs express the performance decrements in relation to each individual’s baseline performance (Somberg and Salthouse, 1982). This allows for a comparison of performance decrements across task domains and groups and can reveal reciprocal dual-task effects (Plummer and Eskes, 2015) and task prioritization strategies (Li et al., 2005).

Taking these considerations into account, a study by Schaefer and Scornaienchi (2019) asked young expert and novice table tennis players to perform a working memory task while returning balls from a ball machine. The cognitive task, 3-back, was a continuous working memory updating task. Participants were presented with a stream of numbers and had to compare the current number to the number presented three positions earlier in the sequence. Stimulus presentations of balls and numbers were varied within subjects by either presenting a ball and a number in the same time window or one after the other, avoiding central or peripheral processing bottlenecks (Abernethy, 1988; Pashler, 1994). There were no differences between experts and novices in their 3-back performances under single-task conditions. However, novices showed higher cognitive dual-task costs. For table tennis (number of balls returned successfully), experts outperformed novices already in the single task. Across both task domains, experts consistently showed costs of about 10%, while novices showed costs between 30% and 50%. However, concurrent vs. alternating stimulus presentation did not influence dual-task costs in this study.

Schaefer and Amico (2022) expanded these findings in another sample of table tennis experts and novices. In addition to 3-back and table tennis returns (timed tasks), each subject also performed the task of counting backward in steps of 7 and table tennis serves (self-initiated tasks). All combinations of cognitive and motor tasks were assessed in a within-subjects design under single- and dual-task conditions. It was assumed that self-initiated tasks should increase dual-task costs since the scheduling of the responses requires attentional resources. As in the previous study, dual-task costs of novices were considerably higher (35%) than those of experts, who did not show costs (−1%). Costs for self-initiated tasks were higher only in the experts, while novices showed a tendency to reduce their dual-task costs for self-initiated tasks. The authors attribute this to the psychometric properties of the underlying tasks since timed tasks were specified by a fixed number of targets and responses.

Another recent set of studies by Amico and Schaefer (2022) used tennis instead of table tennis as the motor task and focused on expert vs. intermediate players instead of novices. For the tennis task, participants had to return balls to a target field. Two different cognitive tasks were used: a 3-back working memory task and a vocabulary-learning task (episodic memory). Dual-tasking led to performance reductions in both cognitive tasks, but the accuracy of tennis returns remained stable under cognitive challenge. Skilled tennis players showed a task-prioritization strategy in favor of the tennis task in the dual-task situation (see also Plummer and Eskes, 2015). Intermediate players showed higher overall dual-task costs than experts in the study with 3-back. However, the group differences in dual-task costs did not reach significance when subjects were asked to learn vocabulary, possibly due to less pronounced expertise differences between the groups.

A recent review by Tomporowski and Qazi (2020) on cognitive–motor interference effects on declarative memory suggests that the type of concurrent motor task and the characteristics of the performer may influence dual-task performance patterns. The authors summarize different theoretical assumptions on the dual-task interplay between physical exercise and cognition. According to arousal theories, the intensity of the exercise will influence whether it exerts facilitative or inhibitory effects on concurrent memory encoding. With low or intermediate intensities, an acute bout of physical exercise can be beneficial for memory performance (Schmidt-Kassow et al., 2010, 2013, 2014; McMorris and Hale, 2012; Roig et al., 2013, 2016; Loprinzi et al., 2019). This may be due to changes in physiological arousal and the release of neurotransmitters and nerve growth factors (see reviews by McMorris, 2016; Loprinzi et al., 2019). However, if the concurrent exercise is too intense, cognitive performance is likely to suffer (see also Dietrich, 2006; Dietrich and Audiffren, 2011).

On the other hand, attention theories would predict that any type of motor task that requires attention should lead to decrements in the concurrent cognitive activity, namely the encoding of the to-be-remembered words. Note that theories on motor skill learning and dual-process theories (Adams, 1971; Gentile, 1972; Shiffrin and Schneider, 1977; Furley et al., 2015) would make similar predictions, with the additional assumption that well-learned tasks require fewer attentional resources.

The current article presents two studies on the influence of motor skill level in cognitive–motor dual-tasking. Study 1 asked rowers in four different ability groups (teenagers to middle-aged adults) to row on ergometers with two different speeds, easy and hard. For rowing, a single generalized motor program is established and performed using online interoceptive and exteroceptive feedback. Rowing speeds were calibrated to each individual’s performance level. Study 2 recruited Taekwondo athletes of three different expertise levels. Taekwondo, as a sport, makes use of an elaborate grading system, as reflected by the color of the athlete’s belt (black being the highest). The motor task consisted of performing a pre-specified elaborate sequence of martial art movements (“practicing forms”), similar to a dance, with movement quality being rated by expert judges. Forms are sets of prearranged movements to simulate interactions with imaginary opponents (Minarik, 2014, p. 33; Johnson, 2019, p. 1,650).

The cognitive task of both studies is an episodic memory task, the Method-of-Loci. For this task, participants are instructed to use a pre-specified sequence of location cues to encode word lists. The task has been used successfully in several cognitive–motor dual-task studies in different age groups (Kliegl et al., 1990; Li et al., 2001; Schaefer et al., 2008; Amico and Schaefer, 2020, 2022). In the current set of studies, participants perform the cognitive task under single-task conditions while simultaneously rowing on the ergometer (study 1) or performing the martial arts movements (study 2).

The motor and cognitive tasks of the current studies are continuous. While rowing is a cyclic motor skill requiring primarily strength and endurance, performing Taekwondo forms demands timing, movement accuracy, and coordination. Participants are asked to work on the tasks for a prolonged period. Performances and costs are presented on a macro-level, aggregating over several responses (see also Koch et al., 2018, p. 561). The paradigm is, therefore, not suited to answer specific questions about the scheduling of processing steps of each task or about central or peripheral bottlenecks (Pashler, 1994; Hommel, 2020; Huestegge and Strobach, 2021). The studies had not been planned to investigate gender differences since previous dual-task studies often did not find interactions between dual-task costs and gender (Hirsch et al., 2019).

To summarize, study 1 (rowing) investigates whether rowing in two different intensities diminishes memory performance and whether motor expertise moderates this influence. Study 2 assesses whether practicing a form in Taekwondo during memory encoding leads to performance decrements. For both studies, we predict that higher-level athletes are more successful in keeping up their cognitive performances under dual-task conditions. Since single- and dual-task performances are assessed repeatedly for each task involved, we can also investigate whether rowing speed and rowing regularity suffer from dual-tasking (study 1) and whether practicing Taekwondo forms is performed less well under dual-task conditions (study 2). In addition, the calculation of proportional dual-task costs allows for a comparison of findings across groups, tasks, and studies.



Study 1: Rowing


Methods


Participants

Participants were recruited from a local rowing club in Saarbrücken. The club’s training groups differed in performance level, with the younger teenagers (teens 1; 5 men, 5 women) being relative beginners, the older teenagers having more experience in rowing (teens 2; 10 men), the young adults belonging to an elite performance group that regularly takes part in competitions at the regional and national levels (young adults; 8 men, 2 women), and the middle-aged adults (4 men, 6 women) being master athletes who do not compete on a regular basis anymore. Table 1 presents the background information for each group. All participants had normal or corrected-to-normal vision and hearing and gave informed consent to the study. The study was approved by the ethics committee of Saarland University.



TABLE 1 Background information about the four groups of Study 1 (rowing).
[image: Table showing data on four age groups: Teens 1, Teens 2, Young Adults, and Middle-aged Adults. It includes sample size, mean age, standard deviation, range, entertainment type, rowing experience, weekly rowing minutes, prescribed target times for "Easy" and "Hard" levels, and digit symbol test scores. It also presents p-values for follow-up comparisons between groups.]

A statistical power analysis was performed for sample size estimation (GPower 3.1; Faul et al., 2007). Within-subjects designs and highly reliable measures increase statistical power (Brysbaert and Stevens, 2018; Rouder and Haaf, 2018; Zwaan et al., 2018; Brysbaert, 2019). We expected age- and expertise-related influences on dual-task decrements to be large (Leavitt, 1979; Schaefer and Scornaienchi, 2019; Amico and Schaefer, 2022; Schaefer and Amico, 2022). We conducted a power calculation using the G*3 Power software (Faul et al., 2007), with a significance level of 0.05. The power analysis focused on the interaction effect of expertise/age group and single- vs. dual-task performance decrements. We assumed the correlation among repeated measures to be high (r = 0.65; see also Schaefer and Scornaienchi, 2019). The analysis indicated that a medium-to-large effect size of f = 0.3 for four groups and two measurement occasions (single- vs. dual-tasking) would lead to an actual power of 0.96 with a total sample size of 40 participants.



Procedure

Each participant took part in four group sessions with up to five participants. Before the first session, participants had familiarized themselves with the MoL memory strategy by watching an educational video recorded by the senior author. The video explains how the method works and presents an example trial of six location-word combinations. In session 1, after assessing the demographic information, participants performed one single-task MoL trial while sitting. They also performed a rowing trial in the easy condition for 180 s, without any concurrent task. Session 2 (easy speed) and session 3 (hard speed) assessed the dual-task performances by presenting the MoL task in the second half of the rowing trial. In session 4, one additional MoL single-task trial was administered, and participants also performed an additional rowing trial in the easy condition without any concurrent task.



Apparatus and experimental tasks


Background measure

Perceptual-motor speed was measured with the Digit-Symbol Substitution task (Wechsler, 1981).



Cognitive task: method of loci

The method of loci task (MoL) is a well-established memory strategy to encode word lists (Kliegl et al., 1990; Li et al., 2001; Schaefer et al., 2008; Amico and Schaefer, 2020). To-be-encoded words are concrete objects, and they are encoded by generating a mental image of the object at a specific location. A predefined sequence of 20 location cues was used in the current study. The locations are part of every apartment (e.g., bed, window, table, and chair). The to-be-learned words were taken from Brehmer et al. (2004). They consisted of concrete German nouns that can be easily imagined, such as objects, animals, or professions. In each trial, participants heard lists of 20 location-word combinations presented auditorily with an inter-stimulus interval of 5 s. The instruction was to encode the to-be-learned word by combining it with the respective location cue via mental imagery. Participants were encouraged to include object size, sound, touch, emotions, or movement, depending on their personal preferences. For example, when encoding the word “spider” at the location “table,” a participant could imagine a huge hairy spider crawling over the table. The current study used “cued” encoding and recall conditions, presenting the location cue with the word during encoding and the list of locations in the correct order for recall. Immediately after the last word was presented, participants wrote down the remembered words at the corresponding location cue on their answer sheets. There was no time limit for recall. The dependent variable for MoL was the sum of correctly remembered words at the correct location.

The encoding for the MoL task was performed while sitting (single-task condition) or rowing (dual-task condition).



Rowing task

Rowing took place on a rowing ergometer (PM5; Concept Two; Morrisville, Vermont, United States). All participants were accustomed to these ergometers because they are regularly used for training purposes in their rowing club, with the instruction to keep up a specific rowing speed for longer time periods.

The display of the ergometer presents the following information: total rowing time, current time to row 500 m, average time to row 500 m for the entire training session, and current rate of strokes. The largest item on the display is the current time to row 500 m, and participants are familiar with using this value to calibrate their rowing intensity. Based on the usual performance level of each participant during the previous winter training period and the feedback from the coach, the experimenter individually calculated two rowing intensities for each person: an easy speed and a hard speed. Heart rates for each condition are presented in Supplementary material 1. Table 1 presents the target times for easy and hard rowing. Each rowing trial lasted 180 s, and the main dependent variables for rowing quality were the average time taken to row 500 m and the SD of the time taken to row 500 m (rowing regularity). Since rowing performance was recorded for each 10-s segment of the trial, we could also investigate how strongly participants fluctuated in their rowing performance over time by plotting the rowing performances by segment (see Supplementary material 2).



Single- and dual-task setting

In the single-task trials of MoL, participants performed the cognitive task while sitting on the rowing ergometer without any concurrent motor activity. Rowing trials lasted 180 s. Some rowing trials consisted of two parts. In the first half of the trial, no concurrent cognitive stimuli were presented (single-task rowing). In the second half, participants were presented with the location-word combinations (dual-task rowing). They were instructed to keep up their rowing speed while concurrently encoding the location-word pairs. Immediately following the last pair, the rowing trial ended. Participants listed all the words they could remember, at the correct location, on their answer sheets. There was no time limit for recall.




Overview of analysis

The statistical analysis was conducted via IBM SPSS Statistics 25 (IBM Corporation, Armonk, NY, United States). The reliability for MoL and rowing was tested by calculating Cronbach’s alpha. Mixed-design ANOVAs with group (4) as a between-subjects factor and condition (single- vs. dual-tasking) as a within-subjects factor were conducted. For rowing, rowing speed (2: easy vs. hard) was included as an additional within-subjects factor. Furthermore, dual-task costs (DTCs) were calculated, expressing performance reductions under dual-task conditions as a percentage of each individual’s single-task performance, with the following formula:

[image: Formula for DTC in percentage: absolute value of the mean score of single minus mean score of dual, divided by mean score of single, all multiplied by one hundred.]

DTCs for each task domain were analyzed with univariate or mixed-design ANOVAs. For all ANOVAs, F values and generalized Eta square values ([image: Mathematical expression showing eta subscript G squared.] or partial Eta square values ([image: Mathematical expression displaying the Greek letter "eta" raised to the power of two, followed by a subscript "p" and a closing parenthesis.]for effect sizes are reported. To interpret statistical significance, the alpha level α = 0.05 was used. Significant main effects and interactions were further investigated by follow-up analyses with Bonferroni correction.

All data and analysis code can be made available upon request to the senior author. Data were analyzed using IBM SPSS Statistics 25 (IBM Corporation, Armonk, NY, United States). The study’s design and analyses were not pre-registered.




Results


Participant background information

Table 1 shows that the samples differed concerning their average age, the years that they had been rowing [F(3, 36) = 12.31, p < 0.001, η2p = 0.506], the minutes that they spent rowing each week [F(3, 36) = 4.97, p = 0.005, η2p = 0.239], and their Digit Symbol Substitution scores [F(3, 36) = 3.77, p = 0.019, η2p = 0.239]. The Digit Symbol scores corresponded to samples of other representative studies (see Schmiedek et al., 2010), with young adults outperforming middle-aged adults.



Method of loci task

The reliability coefficient based on the four MoL trials was excellent (α = 0.930), indicating that the interindividual differences in memory performance remained stable over consecutive trials. Results are presented in Figure 1. Note that performances of the two single-task MoL trials from session 1 and session 4 were averaged to control for practice effects over the course of the study. The mixed-design ANOVA with group (4: teens 1, teens 2, young, and middle-aged) as a between-subjects factor and condition (3: single-task, dual-easy, dual-hard) as a within-subjects factor showed a significant main effect of single- vs. dual-tasking, F(2, 72) = 171.00; p < 0.001; [image: Mathematical expression showing eta-squared subscript G.] = 0.466. MoL performances decreased linearly from single-task to dual-task with easy and hard rowing speeds. The main effect of group also reached significance, F(3, 36) = 3.34, p = 0.004, [image: Greek letter eta with the number two as superscript, and subscript G.] = 0.267, and there was a significant interaction of group and condition, F(6, 72) = 2.25, p = 0.048, [image: Mathematical expression of eta squared subscript G.] = 0.033.

[image: Line graph showing Method of Loci (MoL) scores for different age groups: Teens 1, Teens 2, Young, and Middle-Aged. Scores decrease across tasks: Single, Dual Easy, and Dual Hard. Teens and Young start around 15-16, declining to 12-13. Middle-Aged starts at 10, dropping to 5. Error bars indicate variability.]

FIGURE 1
 Memory performances by single- and dual-task condition and age group, study 1 (Rowing). Participants encoded the word-location pairs while sitting in the “Single” Condition. In the “Dual Easy” condition, participants were rowing at an easy speed while encoding the location-word pairs. The rowing speed was faster in the “Dual Hard” condition. Error bars = SE mean.


To follow-up the significant interaction of group and condition, ANOVAs for each of the three conditions revealed a significant main effect of group for MoL single-task performances, F(3, 36) = 6.13, p = 0.002, [image: The image shows the mathematical notation "η sub p squared".] = 0.338. Bonferroni-corrected comparisons revealed significant differences between older teenagers and middle-aged adults (p = 0.015, [image: Italicized mathematical notation "M" with a subscript "Diff".] = 4.800, 95%-CI [0.69, 8.91]), as well as between young and middle-aged adults (p = 0.002, [image: The mathematical notation "M" with the subscript "Diff".] = 5.900, 95%-CI [1.79, 10.01]). MoL performances also differed between groups when concurrently rowing with the easy speed, F(3, 36) = 3.50, p = 0.025, [image: Mathematical expression of the partial eta squared symbol, with a lowercase "n" and a lowercase "p" subscript, followed by a superscript two.] = 0.226. The only significant difference in the Bonferroni-corrected multiple comparisons was between young and middle-aged adults (p = 0.028, [image: The text "M" with the subscript "Diff" in italics.] = 5.10, 95%-CI [0.38, 9.82]). While rowing with the hard speed, MoL performances again differed significantly across groups, F(3, 36) = 5.18, p = 0.004, [image: η subscript p squared.] = 0.302, due to significant differences between young and middle-aged adults (p = 0.003, [image: Mathematical notation displaying "M" with a subscript "Diff".] = 5.00, 95%-CI [1.34, 8.66]). Across all analyses, young adults showed the highest MoL scores, and middle-aged adults showed the lowest scores.



Rowing performance: mean time to row 500 m

The reliability coefficient based on the rowing performances in the four segments of the rowing trials (single- and dual-task segments of the easy and hard trials) was excellent (α = 0.997).

To compare the difference in performance from single- to dual-tasking, a mixed-design ANOVA was calculated, with rowing intensity (2: easy vs. hard) and single- vs. dual-tasking (2: first vs. second part of the respective trial) as within-subjects factors and group (4: teens 1, teens 2, young, and middle-aged) as a between-subjects factor. The main effect of rowing intensity reached significance, F(1, 36) = 177.92; p < 0.001; [image: The image shows the Greek letter eta, η, with a superscript two, and a subscript G.] = 0.272. Participants rowed faster in the hard rowing intensity. There was no interaction of rowing intensity and group, F(3, 36) = 2.40; p = 0.084; [image: Mathematical notation showing the Greek letter eta, squared, with a subscript G.] = 0.015. There was also a significant main effect of dual-tasking, F(1, 36) = 217.93; p < 0.001; [image: Lowercase Greek letter eta with a superscript numeral two above the subscript uppercase letter G.] = 0.106, due to performance reductions under dual-task conditions. Dual-tasking interacted with group, F(3, 36) = 5.87; p = 0.002; [image: Mathematical notation displaying "eta squared subscript G".] = 0.010. While the two-way interaction of rowing intensity and single- vs. dual-tasking failed to reach significance, F(1, 36) = 1.85; p = 0.183; [image: Mathematical expression showing the Greek letter eta squared, with the subscript G.] = 0.001, there was a significant three-way interaction of rowing intensity, single- vs. dual-tasking, and group, F(3, 36) = 3.58; p = 0.023; [image: Mathematical expression showing the Greek letter eta with a superscript two and a subscript capital G.] = 0.003. The main effect of group also reached significance, F(3, 36) = 28.03; p < 0.001; [image: Mathematical notation showing the Greek letter eta with a superscript two and a subscript capital G.] = 0.677. Young adults showed the fastest rowing speeds, and the younger teenagers showed the slowest speeds. Figure 2 presents the pattern of findings.

[image: Line graph showing the time to row 500 meters across different age and condition groups: Teens 1, Teens 2, Young, and Middle-Aged, each under single and dual conditions. Two lines represent difficulty levels: Easy and Hard. Times generally decrease from Teens 1 to Young before increasing in the Middle-Aged group. The Easy condition consistently shows higher times than the Hard condition.]

FIGURE 2
 Rowing Times by task difficulty, single- vs. dual-task condition, and age group, study 1. Rowing for the “Single” conditions was assessed in the first part of the respective trial when no location-word pairs were presented. The “Dual” condition was assessed in the second half of the trial while encoding the word-location pairs. Error bars = SE mean.


For follow-up analyses, we conducted ANOVAs with rowing intensity (2) and single- vs. dual-tasking (2) for each age group separately. Table 2 presents the results. The main effects of rowing intensity reached significance in each of the four groups, with faster rowing speeds in the “hard” compared to the “easy” condition. In addition, rowing while encoding the MoL words led to a deterioration of rowing performance in each group. However, the interaction of rowing intensity and single- vs. dual-tasking did not reach significance in any of the groups due to the Bonferroni correction of the p-values to p = 0.0125.



TABLE 2 Results of follow-up analyses for the mixed-design ANOVA on mean times to row 500 m.
[image: Table displaying statistical results for different age groups: Teenager 1, Teenager 2, Young adults, and Middle-aged adults. Metrics include main effect of rowing intensity, main effect of single vs. dual tasks, and interaction intensity × single-dual, with values for F-statistic, p-value, and η²p. Results vary across age groups with significant values highlighted.]



Rowing performance: SDs of time to row 500 m

To address the fluctuations in rowing speed, we also investigated the standard deviations (SDs) of rowing times (per 500 m) for rowing under single- and dual-task conditions. Figure 3 presents the pattern of findings.

[image: Line graph showing standard deviations of time to row 500 meters under easy and hard conditions for different age groups (Teens 1, Teens 2, Young, and Middle-Aged) and task types (Single, Dual). Dual tasks generally result in higher times, with Teens 2 showing the largest deviation. Easy conditions have slightly higher deviations than hard conditions across all groups.]

FIGURE 3
 SDs of rowing times for Study 1. Error bars = SE mean.


A mixed-design ANOVA was calculated, with rowing intensity (2: easy vs. hard) and single- vs. dual-tasking (2: first vs. second segment of the respective trial) as within-subjects factors and group (4: teens 1, teens 2, young, and middle-aged) as a between-subjects factor. The main effect of rowing intensity reached significance, F(1, 36) = 17.16; p = 0.002; [image: Greek letter eta squared with a subscript capital G.] = 0.236. Rowing was less regular in the easy speed. There was no interaction of rowing intensity and group, F(3, 36) = 0.40; p = 0.756; [image: Mathematical notation depicting "eta squared subscript G".] = 0.007. The was also a significant main effect of dual-tasking, F(1, 36) = 199.38; p < 0.001; [image: The image shows the Greek letter eta, squared, with a subscript capital letter G.] = 0.574, due to increased rowing irregularity under dual-task conditions. Dual-tasking interacted with group, F(3, 36) = 4.26; p = 0.012; [image: The image shows the mathematical notation for eta-squared subscript G, written as "η squared" with "G" as a subscript.] = 0.323. The two-way interaction of rowing intensity and single- vs. dual-tasking also reached significance, F(1, 36) = 15.90; p < 0.001; [image: The image shows an equation with the Greek letter eta, squared, and subscript G.] = 0.105, but there was no significant three-way interaction of rowing intensity, single- vs. dual-tasking, and group, F(3, 36) = 0.64; p = 0.592; [image: Stylized Greek letter eta with a squared symbol in superscript and subscripted with the letter G.] = 0.014. The main effect of group also reached significance, F(3, 36) = 16.09; p < 0.001; [image: The image shows the symbol eta squared, subscript G, raised to the power of 2.] = 0.269. Young adults showed the most regular rowing of all groups.

For follow-up analyses, we conducted ANOVAs with rowing intensity (2) and single- vs. dual-tasking (2) for each age group separately. Table 3 presents the results. Due to the Bonferroni correction of the p-values to p = 0.0125, the main effects of rowing intensity did not reach significance in any of the four groups. However, rowing while encoding the MoL words led to a significantly less consistent rowing pattern, with more fluctuations in each group. The interaction of rowing intensity and single- vs. dual-tasking only reached significance in older teenagers.



TABLE 3 Results of follow-up analyses for the mixed-design ANOVA on SDs to row 500 m.
[image: Table displaying statistical results for different age groups: Teenager 1, Teenager 2, Young adults, and Middle-aged adults. It includes values for main effects of rowing intensity and single vs. dual tasks, and interaction between intensity and single-dual tasks. Measures shown are F-values, p-values, and partial eta squared (η²p). Key findings indicate significant effects in some groups, notably in Teenager 2 and Middle-aged adults.]

Results for each 10-s segment of a trial are presented in Supplementary material 2. An analysis of the rowing-only trials in the easy condition (assessed in sessions 1 and 4) shows that performance reductions in dual-task rowing were not due to fatigue effects but due to cognitive load (see Supplementary material 2 for details).



Dual-task costs

To compare the differences in performance between the four groups across the single- and dual-task conditions for the motor domain (rowing easy and rowing hard) and the cognitive domain (MoL), percentage scores for the dual-task costs (DTCs) have been calculated.

The left-hand side of Figure 4 illustrates the DTCs for this study. DTCs for MoL are presented in Figure 4A, and DTCs for rowing are presented in Figure 4C.

[image: Four bar charts comparing dual-task costs (DTCs) in cognition and motor tasks across different studies and groups. Chart A shows Study 1 (Rowing) with cognition DTCs among Teens 1, Teens 2, Young, and Middle-Aged, categorized into Easy and Hard tasks. Chart B depicts Study 2 (Taekwondo) cognition DTCs for Beginners, Intermediate, and Experts. Chart C presents Study 1 motor DTCs, similarly grouped and categorized. Chart D shows Study 2 motor DTCs, categorized into Technique and Presentation tasks. The charts reflect variations in DTCs by task difficulty and expertise level across demographics.]

FIGURE 4
 Dual-task costs for both studies. The left-hand side of the figure presents the DTCs for study 1 (A,C), and the right-hand side presents the DTCs for study 2 (B,D). Costs in cognition (MoL) are presented in the first row, and costs for motor tasks (rowing in study 1, Taekwondo in study 2) are presented in the second row. Error bars = SE mean.


For the cognitive DTCs, a mixed-design ANOVA with rowing intensity (2: easy vs. hard) as a within-subjects factor and group (4: teens 1, teens 2, young, and middle-aged) as a between-subjects factor was calculated. The main effect of rowing intensity reached significance, F(1, 36) = 64.37; p < 0.001; [image: Mathematical notation showing eta subscript G squared.] = 0.364. Cognitive costs were higher when rowing at a fast speed. There was also a significant interaction of rowing intensity and group, F(3, 36) = 3.74; p = 0.020; [image: Mathematical notation showing "eta subscript G squared."] = 0.091. The main effect of group did not reach significance, F(3, 36) = 1.35; p = 0.275; [image: Mathematical notation showing the Greek letter eta with a superscript two and a subscript capital G.] = 0.071.

Paired sample t-tests were conducted within each age group to follow up on the interaction of rowing intensity and group. Rowing with higher intensity increased the cognitive costs in each age group [teens 1: t(9) = 5.18, p < 0.001; teens 2: t(9) = 4.89, p < 0.001; young: t(9) = 3.19, p = 0.005; middle-aged: t(9) = 2.72, p = 0.012].

For the DTCs in rowing speed, the mixed-design ANOVA with rowing intensity (2: easy vs. hard) as a within-subjects factor and group (4: teens 1, teens 2, young, and middle-aged) as a between-subjects factor revealed a significant main effect of rowing intensity, F(1, 36) = 7.93; p = 0.008; [image: Lowercase letter "n" with a superscript "2" and subscript "G".] = 0.072. Motor costs were higher when rowing at a fast speed. There was no interaction of rowing intensity and age group, F(3, 36) = 1.80; p = 0.165; [image: Eta squared subscript G.] = 0.050. The main effect of age group reached significance, F(3, 36) = 4.80; p = 0.007; [image: Mathematical expression showing "eta subscript G squared".] = 0.205. Bonferroni-corrected post-hoc comparisons of the four age groups for their overall rowing DTCs showed that the only comparison reaching significance was between teens 2 and young adults, p = 0.001, [image: Mathematical expression depicting the variable \( M_{Diff} \) with a subscript.] = 5.971, 95%-CI[1.445, 10.497], with young adults showing the lowest level of motor costs.




Discussion study 1

The findings of study 1 show that rowing on an ergometer while concurrently encoding word lists leads to considerable performance reductions: Participants encode fewer words while rowing, and they also show clear reductions in their rowing speeds, as well as their rowing regularity (see Supplementary material 2). Dual-task costs in both task domains (MoL and rowing) are even more pronounced when rowing with a faster speed. Although there are some interactions with the group factor, differences between groups in these effects tend to be small, and the overall pattern of dual-task performance reductions is consistent across groups.

Our findings contradict accounts that postulate improvements in episodic memory tasks due to an optimization of arousal levels via exercise bouts of low or intermediate intensities (Schmidt-Kassow et al., 2010, 2013, 2014; McMorris and Hale, 2012; Roig et al., 2013, 2016; Loprinzi et al., 2019). Instead, we found a linear decrease in memory performance from single-task to dual-task memory encoding, which is further increased when exercising with higher intensities. These findings are in line with dual-process theories (Shiffrin and Schneider, 1977; Furley et al., 2015). They also support a recent study by Longman et al. (2017), who reported cognitive and physical performance reductions in young rowers performing a rowing ergometer task combined with a free-recall task. In the Longman et al. study, participants had been instructed to produce maximum power output while rowing. This produced even higher costs in physical as compared to mental performance. Our findings indicate that rowing on an ergometer with the instruction of keeping up a pre-specified rowing speed is an attention-demanding task.

For study 2, the motor task consisted of a specific sequence of martial arts movements from Taekwondo (“practicing forms”), which is likely to be highly attention-demanding. Participants belonged to different skill groups. We predicted that the need to perform the MoL task concurrently with the Taekwondo movements will elicit cognitive and motor dual-task costs, which should be influenced by the expertise level of the participants.




Study 2: Taekwondo


Methods


Participants

Participants (N = 37) were recruited from five Taekwondo groups in the Saarland area. Of them, 28 participants practice classic Taekwondo, and the remaining nine participants practice Taekwondo in the World Taekwondo [WT] federation. All participants practiced Taekwondo as an amateur sport and had learned Taekwondo from different instructors. Three participants had experience with participation in Taekwondo form competitions. Considering graduation in Taekwondo, the lowest graduation in the sample is the 8th Kup (yellow belt) and the highest one is the 3rd Dan (black belt).

Participants were separated into three expertise groups based on their graduation in Taekwondo. The 10 participants with a yellow belt (8th and 7th Kup) formed the “relative beginners” group (7 men, 3 women), while the “intermediate level” group consisted of 17 athletes (8 men, 9 women) with a blue and a red belt (6th Kup–1st Kup). The third group (“experts”) consisted of 10 athletes (5 men, 5 women) with a black belt. Table 4 presents an overview of the background information of the three groups. All participants provided informed consent to participate in the study. The study was approved by the ethics committee of Saarland University.



TABLE 4 Background information about the three groups of Study 2 (Taekwondo).
[image: Table of demographic variables for taekwondo practitioners by expertise group: beginners (yellow belt), intermediates (blue or red belt), and experts (black belt). Variables include number of participants, age, taekwondo experience, weekly participation, and digit symbol substitution test scores, listed with mean (M), standard deviation (SD), and age range. Data shows variations in demographics and training metrics across groups.]

A statistical power analysis was performed for sample size estimation (GPower 3.1; Faul et al., 2007). Within-subjects designs and highly reliable measures increase statistical power (Brysbaert and Stevens, 2018; Rouder and Haaf, 2018; Zwaan et al., 2018; Brysbaert, 2019). We expected age- and expertise-related influences on dual-task decrements to be large (Leavitt, 1979; Schaefer and Scornaienchi, 2019; Amico and Schaefer, 2022; Schaefer and Amico, 2022). We conducted a power calculation using the G*3 Power software (Faul et al., 2007), with a significance level of 0.05. The power analysis focused on the interaction effect of expertise/age group and single- vs. dual-task performance decrements. We assumed the correlation among repeated measures to be high (r = 0.65; see also Schaefer and Scornaienchi, 2019). The analysis indicated that a medium-to-large effect size of f = 0.3 for four groups and two measurement occasions (single- vs. dual-tasking) would lead to an actual power of 0.96 with a total sample size of 40 participants.



Procedure

The study took place at the Dojang (training site to practice Taekwondo) of the Taekwondo group. Participants initially took part in an instruction session. After the assessment of demographic information and the Digit Symbol test, participants watched an instructional video tutorial on the method of Loci memory strategy, followed by two practice trials. For some participants, the instruction session was presented in an online format.

All MoL lists had been recorded in advance, and each list consisted of 15 location-word pairs that were presented with an ISI of 5 s via loudspeaker, resulting in trial lengths of 80 s. Encoding and recall were always cued.

For the testing session, list order was counterbalanced across participants, such that each list appeared equally often under single- and dual-task conditions. The experimenter checked the correctness of the recalled words (maximum score = 15 words). Participants performed the testing session either in casual sportswear or in their typical Taekwondo suit called Dobok.

At the beginning of the testing, participants were given 5 min to warm-up and were asked to perform the third form twice for practice. Table 5 presents the order of trials.



TABLE 5 Order of trials in study 2.
[image: List of six tasks: 1. Cognitive single-task (MoL), 2. Motor single-task (3rd form of Taekwondo), 3. Dual-task trial 1, 4. Dual-task trial 2, 5. Motor single-task (3rd form of Taekwondo), 6. Cognitive single-task (MoL).]

In the single-task trials of MoL, participants performed the cognitive task while sitting without any concurrent activity. During the motor single-task trials, participants were filmed while performing the third form of Taekwondo. For the dual-task trials, participants performed the form while concurrently encoding the words. At the end of the recording, a signal was given by the experimenter, and participants had to stop their run immediately. They were asked to recall the presented words in the correct order. For dual-task trials, participants were instructed to focus on both the cognitive and the motor tasks as much as possible.

Following the testing sessions, the videos of the motor task were edited, anonymized, and then sent to the raters. There were no data exclusions, except for one trial of Taekwondo single-task for one participant, which had to be repeated due to technical difficulties. All data and analysis code can be made available upon request to the senior author. Data were analyzed using IBM SPSS Statistics 25 (IBM Corporation, Armonk, NY, United States). The study’s design and analyses were not pre-registered.



Apparatus and experimental task


Cognitive task–method of loci

In the cognitive task, participants were asked to encode and repeat words of a given list, similar to study 1. However, in the current study, there were only 15 words per list (instead of 20). The inter-stimulus interval was 5,000 ms.



Motor task–3rd form in Taekwondo

The motor task was the performance of the third Taekwondo form. A form of Taekwondo is a systematic, prearranged sequence of martial techniques used against one or more imaginary opponents (Minarik, 2014, p. 33). Participants perform a pre-specified sequence of stances, hand attacks, blocks, and kicks, which are to be presented with high precision. We chose the third form, named To-San-Hyong or Taeguk sam jang, because its difficulty level is optimal for the current study.

Participants were instructed to perform the form twice in a row. This specification was made for two reasons: First, the duration of the performance of the third form usually takes about 30 s. The recording of the MoL word lists takes about 80 s. To ensure that participants were moving until the recording was over, they were instructed to restart and repeat the form until the last pair of words had been presented. We expected that during the given 80 s, two complete runs of the form are possible. Participants were filmed while performing the form. All videos were edited so that the number of runs per video was equal under single- and dual-task conditions (2 runs each). There was only one exception for one slow participant who performed only one form under dual-task conditions.

The videos were rated independently by two raters, who were experienced scoring judges of official Taekwondo competitions. The raters are holders of the 3rd and the 4th Dan in Taekwondo and have been practicing Taekwondo for more than 30 years. Raters were not aware whether a specific form had been performed under single- or dual-task conditions. The rating was done using the Jury’s Paper of the DTU (2019), based on the following categories: technique and presentation. The domain technique refers to the accuracy of the martial techniques shown by the athlete, whereas presentation is measured by velocity and force, rhythm, and the expression of energy during the performance. The score on the Jury’s paper had been modified by doubling the possible points in each category. For two runs, the possible total score therefore was between 3 and 20 points, consisting of 0 to 8 points for technique and 3 to 12 points for presentation. For the one participant with only one valid run, the score was doubled.




Overview of analysis

The statistical analysis was performed via IBM SPSS Statistics 28 (IBM Corporation, Armonk, NY, United States).

We report ANOVAs on some background variables at the beginning of the Results section. The scores for the two trials in each domain (Taekwondo form: score in technique and score in presentation; score in MoL) were averaged across the respective conditions (single and dual).

The reliability of each of the three domains was tested by calculating Cronbach’s alpha. Mixed-design ANOVAs with expertise (3) as a between-subjects factor and condition (2: single- vs. dual-tasking) as a within-subjects factor were conducted for each of these dependent variables. In addition, dual-task costs were calculated. For MoL, a univariate ANOVA was conducted to reveal group differences in cognitive costs. For DTCs in Taekwondo, mixed-design ANOVAs with expertise (3) as a between-subjects factor and an evaluation category (2: technique, presentation) were conducted.

In addition, analyses for trial durations and the inter-rater reliabilities for the Taekwondo judges are reported in Supplementary materials 3, 4.




Results


Participant background information

A one-way ANOVA with group (3) revealed a significant effect of group for the average age, F(2, 34) = 3.78, p = 0.033, [image: The mathematical notation shows "eta sub p squared," with "eta" represented by the Greek letter η and "sub p" indicating a subscript p, all raised to the power of two.] = 0.182. The Bonferroni-corrected follow-up tests showed a significant difference only between intermediate-level athletes and experts (p = 0.045, M_Diff = 15.276, 95%-CI [0.26, 30.30]). There was no significant difference between the groups regarding their average weekly Taekwondo participation, F(2, 34) = 0.196, p = 0.823, [image: Stylized mathematical notation showing "eta sub p squared," indicating a statistical measure, often used to represent effect size in analysis of variance (ANOVA).] = 0.011. Not surprisingly, there were significant differences between the groups regarding their mean experience in Taekwondo, F(2, 34) = 24.90, p < 0.001, [image: Mathematical notation of eta subscript p squared.] = 0.594. The Bonferroni-corrected follow-up tests revealed significant differences between all three groups (beginners and experts: p < 0.001, M_Diff = 10.75, 95%-CI[6.87, 14.63]; intermediates and experts: p < 0.001, M_Diff = 6.594, 95%-CI[3.135, 10.053]; beginners and intermediates: p = 0.014, M_Diff = 4.156, 95%-CI[0.697, 7.615]). There were no differences between the groups in their cognitive speed, F(2, 34) = 0.568, p = 0.572, [image: The image shows the mathematical expression "eta sub p squared" with "n" followed by a superscript "2" and a subscript "p".] = 0.032, as measured with the Digit-Symbol Substitution test (Wechsler, 1981).



Cognitive task–MoL

Cronbach’s alpha for the four trials of MoL was high, α = 0.86. The mixed-design ANOVA with expertise (3) as a between-subjects factor and single- vs. dual-tasking (2) as a within-subjects factor showed a significant main effect of single- versus dual-tasking, F(1, 34) = 216.41; p < 0.001; [image: The image shows the mathematical symbol eta squared with a subscript G and a superscript two.] = 0.545. Participants recalled fewer words under dual-task conditions. The main effect of expertise also reached significance, F(2, 34) = 3.59, p = 0.039, [image: The image shows the mathematical expression eta squared subscript G, denoted as η squared with a subscript G.] = 0.146. However, there was no significant interaction between expertise and single- vs. dual-tasking, F(2, 34) = 1.25, p = 0.300, [image: Eta squared subscript G.] = 0.013. A Bonferroni-corrected post hoc analysis revealed no significant differences in the means of the score in MoL between the three expert groups (beginners and experts: p = 0.055; experts and intermediate: p = 1.000; 2 and 1: p = 0.097), but the difference between beginners and experts showed a trend in favor of the experts. The pattern of findings is depicted in Figure 5.

[image: Bar chart comparing mean scores of Beginners, Intermediate, and Experts in Single and Dual conditions. Beginners have scores around 9 for Single and 3 for Dual. Intermediate scores are approximately 12 for Single and 4 for Dual. Experts show scores around 13 for Single and 6 for Dual. Error bars indicate variability.]

FIGURE 5
 Memory performances by single- and dual-task condition and group, Study 2 (Taekwondo). For the single task, memory encoding took place while sitting. For the dual task, participants performed the third form of Taekwondo during encoding. Error bars = SE mean.




Motor task–3rd form in Taekwondo

The results concerning the Taekwondo form are the average of the ratings of both raters. Cronbach’s alpha for the four trials was high for both domains: α = 0.91 (technique) and α = 0.97 (presentation).



Technique

The findings in the category technique are shown in Figure 6. The ANOVA with expertise (3) as a between-subjects factor and single- vs. dual-tasking (2) as a within-subjects factor showed a significant main effect of single- vs. dual-tasking, F(1, 34) = 46.86; p < 0.001; [image: The image displays the symbol eta squared subscript G, written as "η squared G," used in statistical contexts to denote a measure of effect size.] = 0.058. The technique was better in the single-task condition. The main effect of expertise also reached significance, F(2, 34) = 12.39, p < 0.001, [image: Mathematical notation showing the symbol eta with a superscript two and a subscript G.] = 0.412. However, there was no significant interaction between expertise and single- vs. dual-tasking, F(2, 34) = 1.51, p = 0.236, [image: η subscript G superscript 2.] = 0.038. A Bonferroni-corrected post-hoc analysis revealed a significant difference in the means of the score in technique between beginners and experts (p = 0.001, [image: Stylized text showing "M" followed by the subscript "Diff".] = 0.80, 95%-CI[0.28, 1.33]), as well as between intermediates and experts (p < 0.001, [image: Italicized mathematical notation "M" with subscript "Diff".] = 0.89, 95%-CI[0.42, 1.35]), but no significant difference between beginners and intermediates (p = 1.000). As expected, experts (holders of a black belt) gained significantly higher scores in technique than the other two groups.

[image: Bar graph comparing Taekwondo technique scores for beginners, intermediate, and experts, with scores out of eight. "Single" and "Dual" task scores are displayed, showing a slight increase from beginners to experts.]

FIGURE 6
 Mean scores in Taekwondo technique by single- and dual-task condition and group. Error bars = SE mean.




Presentation

Figure 7 presents the findings for presentation. For presentation, the ANOVA with expertise (3) as a between-subjects factor and condition (2) as a within-subjects factor showed a significant main effect of single- vs. dual-tasking, F(1, 34) = 63.91; p < 0.001; [image: The image shows the mathematical expression eta subscript capital G squared.] = 0.076. Presentation suffered under dual-task conditions. The main effect of expertise also reached significance, F(2, 34) = 8.84, p < 0.001, [image: Mathematical expression of eta squared subscript G.] = 0.333. Yet, there was no significant interaction of expertise and condition, F(2, 34) = 1.91, p = 0.164, [image: η squared subscript G.] = 0.005. A Bonferroni-corrected post-hoc analysis revealed a significant difference in the means of the score in presentation between beginners and experts (p = 0.002, [image: Mathematical expression showing the letter "M" with the subscript "Diff".] = 1.70, 95%-CI[0.56, 2.83]), as well as between intermediates and experts (p = 0.003, [image: Stylized mathematical expression with the letter "M" and the subscript "Diff."] = 1.50, 95%-CI[0.46, 2.48]), but no significant difference between beginners and intermediates (p = 1.000). Corresponding to expectations, experts (black belts) achieved significantly higher scores in presentation than the other groups.

[image: Bar chart showing Taekwondo presentation scores for beginners, intermediates, and experts under single and dual conditions. Scores range from zero to twelve. Experts scored highest overall, with both single and dual conditions showing increased scores from beginners to experts.]

FIGURE 7
 Mean scores in Taekwondo presentation by single- and dual-task condition and group. The figure depicts the average score in presentation achieved by each expert group depending on the respective condition (single and dual). Error bars = SE mean.




Dual-task costs

Dual-task costs for each performance domain were calculated based on the formula presented in study 1. The right-hand side of Figure 4 presents the DTCs for MoL (Figure 4B) and for the two Taekwondo dimensions, technique and presentation (Figure 4D).

Expertise groups did not differ significantly in their cognitive DTCs, F(2, 34) = 2.39, p = 0.107, [image: Eta sub p squared.] = 0.123.

To examine the difference in the average costs in the Taekwondo domains, a mixed-design ANOVA was calculated, with expertise (3) as a between-subjects factor and an evaluation category (2: technique, presentation) as a within-subjects factor. The analysis revealed a significant main effect of category, F(1, 34) = 60.72, p < 0.001, [image: η squared subscript capital G.] = 0.212. The costs of presentation were significantly higher than those of technique. The main effect of expertise did not reach significance, F(2, 34) = 2.7, p = 0.082, [image: Mathematical notation showing the Greek letter eta with a superscript two and a subscript G.] = 0.119. In addition, there was no significant interaction of expertise and category, F(2, 34) = 2.21, p = 0.125, [image: Mathematical expression shown as eta sub G squared.] = 0.019.

Supplementary material 5 reports scatterplots for the cognitive and motor DTCs for both studies.




Discussion study 2

The findings of study 2 show that doing a form in Taekwondo requires a lot of attention: Participants in each skill level show considerable performance reductions in the concurrent memory task, with reductions between almost 60% in the most advanced athletes (black belt) and about 80% in the relative beginners (yellow belt). The quality of the movement is also reduced, as shown by the costs in technique and presentation. The fact that expertise groups did not differ systematically in the extent of the performance decrements may be related to power issues since the study only tested 37 athletes. Consistent with expectations, holders of black belts showed significantly better absolute performances in Taekwondo than the other two groups. Nevertheless, based on the current dataset, even being the holder of a black belt did not protect the athletes from failing to maintain their cognitive and motor performances under dual-task conditions (see also Supplementary material 5).

Study 2 also revealed that motor dual-task costs were higher in the performance category presentation than in technique, irrespective of graduation. This indicates that encoding words using a mental imagery technique still enables participants to perform the movements in the correct order (technique), but movement velocity and force, rhythm, and expression of energy during the performance (presentation) suffer more strongly.




General discussion

We investigated whether performing a skilled motor task like rowing on an ergometer (study 1) or presenting a pre-specified sequence of martial arts movements (study 2) results in performance reductions in a concurrent episodic memory task (MoL) and whether dual-task costs are moderated by motor expertise. Subjects in both studies had at least some experience with the respective motor skills, and some were relatively advanced (i.e., the young adult rowers in study 1 and the holders of the black belts in study 2). Nevertheless, performance in both the cognitive and the motor tasks decreased significantly in all groups, indicating that the attentional demands of well-practiced motor skills are considerable.

Previous studies had used MoL memory encoding in combination with different motor tasks (while walking on easy and complex narrow tracks with and without obstacles: Li et al., 2000, 2001; while balancing on an ankle-disc board: Schaefer et al., 2008; while rotating a fidget spinner, doodling, or tracing: Amico and Schaefer, 2020; while doing fast or slow squats: Amico et al., 2023). Participants were children, young, or older adults. Performing a motor task concurrently reduced MoL performances in most studies, with the only exceptions being while kneading a stress ball (Amico and Schaefer, 2020) or while walking on a simple track without obstacles (Li et al., 2000, 2001), both in young adults only.

The highest MoL costs in previous studies occurred when encoding took place while tracing symbols (about 40% in young adults; Amico and Schaefer, 2020), while walking on complex tracks with obstacles (about 40% in older adults; Li et al., 2000, 2001), or while doing squats with every second word (about 35% in young adults; Amico et al., 2023). The cognitive costs of the current studies are considerably higher than that, with about 60% during fast rowing in study 1 and almost 80% for the relatively less-experienced holders of yellow belts in study 2 (see Figure 4). This indicates that the motor tasks of fast ergometer rowing and doing forms in Taekwondo require substantial cognitive processing resources, such as attention and working memory capacity (Shiffrin and Schneider, 1977; Kahneman, 2011; Evans and Stanovich, 2013; Furley et al., 2015).

It may seem somewhat surprising that ergometer rowing reduced cognitive performances considerably since bouts of low- or intermediate-intensity exercise even exerted beneficial effects on memory performance in previous studies (e.g., Schmidt-Kassow et al., 2010, 2013, 2014; see also Loprinzi et al., 2019, for a review). However, concurrent motor tasks were self-paced in these contexts and were not framed as a secondary task. For the current study, participants had been instructed to keep up their predetermined rowing speeds, which requires closely and continuously monitoring the ergometers’ display. It would be interesting to disentangle the cognitive requirements of monitoring the ergometer display from the effects of rowing as a motor activity. Therefore, future studies should include a condition in which participants do not receive any online feedback about their rowing speed during the trial but are still instructed to keep up their rowing speed under dual-task conditions. In addition, memory recall in our study took place immediately after the end of the encoding phase. The studies finding positive effects of exercise on memory encoding often assessed memory recall 1 or 2 days later (Schmidt-Kassow et al., 2013, 2014). In the dual-task trials of our study, we cannot rule out that physical fatigue from intense rowing may have led to additional decrements in recall performance. Future research should, therefore, systematically vary the time delay between encoding and recall.

Both studies also found decrements in motor performances caused by the cognitive task: Rowing became slower and more irregular in study 1, and the quality of the Taekwondo presentation suffered. Motor costs were not as high as in cognition (see Figure 4), which may be due to motor tasks being prioritized by the athletes (Gibson, 1979; Schaefer, 2014; Plummer and Eskes, 2015; Amico and Schaefer, 2022). Differential-emphasis instruction can shed further light on the interindividual differences in the ability to shift one’s focus of attention strategically (Kramer et al., 1995; Li et al., 2005). In addition, providing participants with more practice in the dual-task situation may reduce their cognitive–motor dual-task costs (Schumacher et al., 2001). However, since every participant of the current study showed costs in at least one of the two tasks (for details, see Supplementary material 5), it is an open question whether extended practice would eliminate their dual-task costs entirely.

From an applied perspective, it is interesting that a skill like rowing seems not to be fully automatized, even in elite rowers. Rowing times in the hard conditions were reduced considerably under dual-task conditions (see Figure 2). In addition, the increase in rowing irregularity is very strong in the current study (see Figure 3), even in the group with the highest performance level. Rowers often perform in groups, which implies that they need to keep their balance on the boat, while at the same time coordinating their rowing with several other athletes. Each of these aspects may require cognitive resources. Therefore, the cognitive demands of the sport are likely to be higher than expected. The fact that only a few of the athletes use entertainment, such as listening to music while training, also hints in this direction (see Table 1). Future research should address each of these aspects separately with systematic experimental manipulations. In addition, neuropsychological measures can add to our understanding of dual-task interference (Leone et al., 2017; Mac-Auliffe et al., 2021).


Limitations and future directions

Both studies would have profited from larger sample sizes. For the cognitive DTCs of study 2, there is a trend in favor of smaller costs for expert athletes. Larger samples should allow for a clearer picture on expertise differences in cognitive–motor dual-tasking. In addition, study 1 should have included a 180-s single-task rowing trial for the hard speed as well to further support the claim that changes in rowing speed under dual-task conditions are not due to physical fatigue.

Motor expertise is not the only factor that can influence cognitive–motor performance trade-offs. There is a rich literature documenting aging-related changes to perform cognitive and motor tasks concurrently, mainly in the context of everyday locomotor activities such as walking or balancing (for reviews, see Beurskens and Bock, 2012; Li et al., 2018; Wollesen and Voelcker-Rehage, 2019; Kahya et al., 2020). To the best of our knowledge, there are few studies that have recruited skilled athletes of advanced age. Study 1 included rowers in middle adulthood, who showed similar performance decrements as the other groups. Findings in even older adults would be very informative. Future research should investigate whether motor expertise may even counteract aging-related decrements (see also Krampe et al., 2014), allowing older individuals to keep up their cognitive and motor performance in challenging dual-task situations.

Future studies should also disentangle different aspects of the motor skill (e.g., motor planning vs. motor execution) and their mutual interference with cognitive tasks (Logan and Fischman, 2011, 2015; Spiegel et al., 2013), which requires a more fine-grained analysis of the temporal dynamics during dual-tasking. As Koch et al. (2018) pointed out, continuous tasks and aggregated performance measures demonstrate dual-task interference on a “macrolevel,” making it difficult to reveal task-scheduling and switching processes on a “microlevel.” When performing a Taekwondo form, athletes probably rely on the chunking of movements that are called upon and then executed in response to specific attacks (either imagined or real). If the presentation of words for the MoL task coincides with the preparation of specific movement chunks, mutual interference may be higher than during the execution of the movement. Future research should address these temporal dynamics.




Conclusion

The current set of studies combined an episodic memory task with the performance of a continuous, cyclic motor skill requiring primarily strength and endurance (rowing, study 1) or an elaborate motor skill with high demands on timing, movement accuracy, and coordination (Taekwondo forms, study 2). Both studies compared athletes from different ability groups in the extent to which both cognitive and motor performances suffered from the concurrent task. Although higher-level athletes outperformed others in motor skills under single-task conditions, proportional dual-task costs were similar across skill levels. Costs occurred in each individual and in the motor as well as the cognitive domain. This indicates that even well-practiced motor tasks require cognitive resources.
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Purpose: To profile the participants using a system of self-organizing maps (SOM) based on their motor and cognitive performance during a dual-task version of the Canadian Agility and Movement Skill Assessment (Cognitive CAMSA).
Methods: A total of 169 secondary school students (39.3% girls) volunteered to participate. The original CAMSA, cognitive CAMSA, the Corsi and Digit Span tests were used to assess (a) motor competence, (b) motor competence with cognitive load, and (c) cognitive performance, respectively. SOMs and the k-means clustering algorithm were used to establish the adolescents’ dual-task performance profiles.
Results: Including decision making based on verbal and visual cues in the original CAMSA significantly increased the participants’ total scores but also the time required to complete the test, while the skill score remained unchanged. However, not all the participants showed changes in their performance in the same direction during the cognitive CAMSA. Person-centered analyses by SOMs and k-means clustering identified six performance profiles with variations in the cognitive, motor skill, and time scores (H5 = 146.15, H5 = 102.68, and H5 = 108.07, respectively; all p < 0.01).
Conclusion: The cognitive CAMSA was shown to be a feasible field-motor test for assessing motor competence with a cognitive load in an ecological setting. Some of the profiles identified in the SOM approach represented adolescents with similar motor and cognitive performance in dual-task or single-task contexts, although other participants obtained high motor competence in single and dual-tasking while their cognitive performance declined or rose more in dual-task than in single task situations. The cognitive CAMSA emerges as a tool of great potential, applicable in educational and sports environments, to know subjects’ characteristics and try to individualize the interventions accordingly with their dual-task profile.

KEYWORDS
 motor competence, cognitive performance, physical literacy, dual-task, adolescent profiles


1 Introduction

The concept of Physical Literacy (PL) can be defined as the set of social, emotional and cognitive capacities to cooperate and communicate appropriately with the environment. It also requires a holistic commitment including integrated physical capacities in perception, experience, memory, anticipation, and decision making (Whitehead, 2001). PL currently refers to motivation, confidence, physical competence, knowledge, and understanding to value and take responsibility for engagement in physical activities for life (Cairney et al., 2019; Whitehead, 2019). PL also includes four interconnected domains, i.e., psychological, social, cognitive, and physical (Longmuir et al., 2015). Achieving appropriate levels of PL is a fundamental part of developing self-fulfillment, self-confidence, and positive self-esteem.

Physical education pays particular attention to motor competence, which is a key element in the PL domain. Although there is a wide variety of tests available to evaluate motor competence, they do have some limitations (Hulteen et al., 2020). Whereas isolated-based field-motor tests (e.g., the Gross Motor Development Test or the Körperkoordinations Für Kinder Test) are reliable enough in assessing motor competence, others are too far removed from the context in which fundamental movement skills are carried out (usually situations in sport that require a combination of skills). Circuit-based field-motor tests emerged as an alternative system of evaluating children’s movement skills and their ability to combine simple movements to perform more complex movements [e.g., the Canadian Agility and Movement Skill Assessment (CAMSA); Longmuir et al., 2017]. However, as making decisions, which is inherent in practicing sport, is missing in the CAMSA it could be argued that this test do not measure motor competence in a completely ecological manner. Including perception tasks and decision making in the original version of the CAMSA test would be an interesting way of evaluating motor competence in an ecological setting as well as evaluating some of the PL cognitive elements (e.g., perceptual awareness or reasoning; Barnett et al., 2020).

To date, no test has been devised to concisely assess the cognitive domain. In fact, Cornish et al. (2020) states that the instruments used to measure PL usually focus on fundamental movement skills and are limited in measuring the cognitive domain (Robinson and Randall, 2017). It is also suggested that future research should attempt to explore and develop instruments to assess the cognitive domain objectively to understand motor development and PL holistically (Edwards et al., 2018). Cognitive tests are usually carried out to assess children’s executive functions, such as working memory, inhibition, and cognitive flexibility (Diamond, 2013). However, these tests are performed in a sedentary context far removed from physical activity. As the results of these tests may possibly differ from the cognitive performance during physical activity, we therefore considered it would be of interest to develop an instrument capable of evaluating elements in the cognitive domain when carrying out motor competence tests.

Combining cognitive and physical tasks in the same test seems to be the key to creating a method of ecologically determining PL cognitive level and performance, while dual-tasking (DT) is an already existing paradigm in which motor and cognitive tasks are carried out simultaneously and the effect of the interactions between them on performance are studied (Bustillo-Casero et al., 2017). DT is used in laboratory settings but its usefulness in more ecological environments is still unknown. Tests that include simultaneous motor and cognitive tasks could be used to assess cognitive function and motor competence ecologically. It is also of interest to design tools that allow PL to be assessed holistically, or at least gradually incorporate multiple domains simultaneously. Using DT to assess both motor and cognitive performance in the same field test would be a breakthrough in achieving this goal.

Even though it is important to consider that the interference generated by performing two tasks at the same time may affect the students who are proficient in performing simple tasks and who may not be as proficient in a DT, different interaction patterns have been found between tasks during DT. In these models, we find three different theories to explain DT interference (Lacour et al., 2008; Bonnet and Baudry, 2016; Wollesen et al., 2016). These include the cross-domain competition model (two tasks performed simultaneously or in quick succession, requiring the same or overlapping cognitive processes), the inverted U-shaped nonlinear interaction model (the optimal level of task difficulty that allows efficient multitasking, while both easier and more difficult tasks can result in reduced performance), and the prioritization model (faced with multiple tasks, individuals allocate most attention to the most important at a given time while reducing the resources allocated to the lower-priority task). These three models emerged as the outcomes of divergent results in different DT studies (Lacour et al., 2008; Bonnet and Baudry, 2016; Wollesen et al., 2016; Bustillo-Casero et al., 2020). The divergence in the findings could have been the result of the subjects’ individual strategies to deal with the DT. In fact, we do not know how factors like age or task difficulty can influence performance during DT (Schaefer, 2014; Bustillo-Casero et al., 2017; Marco Ahulló et al., 2022).

The aim of this study was thus to design and test a new version of the CAMSA that included decision-based verbal and visual cues (i.e., cognitive CAMSA) to assess both motor competence and cognitive performance, plus the impact of the cognitive load in motor competence in an ecological setting. To achieve this, the interference in the students’ performance in the variables derived from the original CAMSA (i.e., motor skill score, time score, and total score) when performing the cognitive version of the test was first determined. It was thus possible to observe whether the students responded differently when performing the traditional test compared to the cognitive CAMSA in the motor domain. On confirming that not all the students responded in the same way to a DT, the second objective was to establish the student profiles based on the variables derived from the cognitive CAMSA (i.e., cognitive score, motor skill score, and time spent). The third objective was to determine the differences between the performance profiles in single cognitive tasks, single motor tasks, performance during DT, and gender, which would allow us to determine whether the PL cognitive and motor tests using DT aligned with the results of single tests. If we confirmed that different results were obtained in DT and single tasks, it would open up a discussion about the suitability of DT-based tests to assess cognitive and motor performance. DT could thus provide a more ecological assessment and would better represent what actually happens during physical activities and sports.



2 Materials and methods


2.1 Participants

One hundred and sixty-nine secondary school students (39.3% girls) volunteered to participate during the 2021–2022 academic year in this cross-sectional study. The participants’ characteristics can be seen in Table 1. All the participants performed all the tests (i.e., the original CAMSA, cognitive CAMSA, Corsi and Digit Span tests). The sample was selected from three secondary schools of urban areas in the province of Valencia near Valencia city (Valencia Community, Spain). Those students with cognitive or physical impairments that prevented them from performing the different tests or that could pose a risk to their health were also invited to participate, but were excluded from the statistical analyses.



TABLE 1 Participants’ sociodemographic characteristics.
[image: Table displaying average age, weight, and height for girls and boys. Girls: 13.07 years, 50.1 kg, 1.59 m. Boys: 13.3 years, 54.53 kg, 1.65 m. Overall averages: 13.2 years, 52.5 kg, 1.62 m. Asterisks indicate significant differences between girls and boys (p < 0.05).]

The students’ parents or guardians provided signed informed consent forms before the study, and the participants gave their assent orally. The procedures conducted in the study were performed in accordance with the Helsinki Declaration, and the study was approved by the Ethical Committee of the University of XXX (Code 1259844).



2.2 Procedures

The researchers first contacted the school principals to explain the study and request their participation. The families were informed about the nature of the project and once they had given their written consent, the measurement protocol was carried out. To complete all the tests, the participants performed two experimental sessions separated by at least 24 h. The CAMSA and Corsi tests were carried out in one session, while the cognitive CAMSA and Digit Span tests were included in the other. The order of the sessions was counterbalanced within the schools to minimize any potential order effects, i.e., whereas the students in one classroom performed the tests in the same order, those in another classroom performed the test in the reverse order (i.e., first the cognitive CAMSA and Digit Span test, followed by the original CAMSA and Corsi tests).

For the completion of both the cognitive and original CAMSA tests, the students were instructed to complete the assessment as quickly as possible while performing the skills to the best of their motor competence. In line with the original procedure, two demonstration trials were provided for each participating class. The first demonstration was performed by a research assistant familiar with the CAMSA test, while explaining each skill thoroughly. The second demonstration was performed by the same research assistant to indicate the effort and speed required to carry out the test. Each student performed two familiarization trials and two formal trials, which were coded ad hoc. During the familiarization trials, verbal cues were used only to remind the participants of the next task to be performed, in an attempt to minimize the impact of memory on the task sequence and completion time. These cues consisted of indicating aloud the next task to be performed (e.g., “throw the ball”). The timing began with the command “go” and ended when the participant kicked the soccer ball (Estevan et al., 2023). The time required to perform the original CAMSA test ranged from 14 to 47 s, and the mean completion time being 22.73 ± 5.57 s. During the assessment trials, no feedback was provided on the task performance and no attempt was made to encourage task performance or affect the learner’s performance in any way. In accordance with the protocol (Longmuir et al., 2017), the score of the best attempt was used to calculate the motor competence scores.

The cognitive CAMSA followed the same procedure as the original CAMSA in terms of the students’ performance. In this case, the time taken to perform this test ranged from 15 to 53 s (average 25.36 ± 7.05 s). Both the original and cognitive CAMSA were performed in the school yard. There were some slight modifications in the cognitive CAMSA related to participants’ cognitive performance during motor performance as decision-making events and minor adjustments to the test equipment (i.e., differences in hoop colors, placing throwing targets, and variations in shooting at goal). The cognitive tests were performed in silent classroom using a laptop and open-source software Psychology Experiment Building Language (Mueller and Piper, 2014). The participants received a series of instructions provided automatically by the program for the completion of the tasks, while any doubts were answered by the researcher. The cognitive tasks were conceptualized as measures of executive functions, as in previous studies (Cooper et al., 2016; Pontifex et al., 2019).



2.3 Measurements


2.3.1 Cognitive single tests

The Digit Span test, adapted from Wechsler (1949), evaluates working memory and consists of remembering a sequence of numbers presented to the participants and repeating it in the same order (i.e., Digit Span Forward). Since the digital version of the test was used, the numbers were displayed for 1 s on a laptop screen, with a 1-s interval before the next number. The subjects then had to repeat the complete sequence on the laptop. The length of the sequence of numbers starts at three digits and is gradually increased. Two attempts can be made to repeat the numbers. The test is ended when a participant fails both attempts or when they reach the maximum length of 10 numbers. The total number of correct sequences and the longest correctly recalled numerical sequence (i.e., Block Span) were taken as the test outputs. This test has shown moderately high reliability in children aged 6–12 years old (Alloway et al., 2008; Flanagan et al., 2011).

The Corsi test, based on the Digit Span Test (Kessels et al., 2000) was designed to evaluate visuospatial working memory and consists of remembering a sequence of ordered blocks that appear on a computer screen. The procedure steps included (i) nine blocks in pseudorandom positions; (ii) one block is illuminated during 1 s; (iii) a transient period of 1 s between the stimuli; (iv) second block is illuminated; (v) the procedure continues until the number of blocks reach the maximum sequence length; (vi) the subjects indicate the illuminated blocks by clicking on them with the mouse in the correct order. Two familiarization sequences were first performed, in which three blocks were illuminated, after which the test started with a sequence of two blocks. As in the Digit Span test, the participants were allowed two attempts at each sequence. If they failed both attempts or reached the maximum block sequence of nine blocks the test was ended. The scores obtained were the longest correctly recalled sequence (Block Span), the number of correct attempts and the memory span [minimum sequence length (i.e., 2), added to the number of correct attempts, divided by the number of trials in each sequence length (i.e., 2)].



2.3.2 Motor competence

The CAMSA consists of a series of seven movement skills that are completed in a continuous sequence (Menescardi et al., 2022). These skills include three two-footed jumps, sliding along a 3-m distance, returning, catching, and throwing a ball at a wall-mounted target 5 m away, skipping 5 m, performing a one-footed hop in and out of six hoops, and kicking a ball between two cones 5 m apart. The assessment of the children’s performance in the CAMSA involves two key criteria: the time required to complete the circuit (product-based) and the quality of the movement pattern executed or the motor skill score (process-based). The time taken to complete the circuit is recorded and transformed into a point score, known as the time score, ranging from 1 to 14 (Longmuir et al., 2017). Higher values indicate a shorter time taken to complete the circuit. The quality of movement is assessed by 14 skill performance criteria, with one point awarded for each criterion completed correctly, resulting in the skill score (Longmuir et al., 2017). Combining the product and process scores, a total CAMSA score of 28 points is obtained (Longmuir et al., 2017). The best score of two trials is considered for evaluation. The CAMSA has been validated in Spain among students in Primary and Compulsory Secondary Education, as described in Menescardi et al. (2022).



2.3.3 Simultaneous motor competence and cognitive performance

The Cognitive CAMSA was based on the original version of the test with the same motor skills. The changes included were related to the cognitive performance of the participants during the motor performance, with some minor changes to the test equipment including: (i) the three hoops on the left were yellow and the three on the right were blue, (ii) there were two throwing targets in front of the participants with one slightly to the left and the other to the right, and (iii) there were two goal posts, one with yellow cones and the other with blue (Figure 1).

[image: Diagram of a training course. From the "START" line with four circles, arrows indicate a sequence of movements: 1 meter forward, 5 meters up, 3 meters right to a "Throwing/Kicking" line, 1 meter right, and backward 5 meters, returning to the start, covering four triangles, alternating colors.]

FIGURE 1
 Cognitive CAMSA schedule.


Four decision making events were included in the cognitive assessment: (i) before beginning, the researcher showed a blue or yellow card and the subjects performed the three two-footed jumps inside the hoops of the other color, with 0 or 1 point for a fail or correct performance, respectively; (ii) during the sliding test, the researcher gave some simple numbers to be added before throwing either at the right-hand target if the result was even or at the left-hand target if it was odd, with either a 0 or 1 point for a fail or correct performances respectively; (iii) in skipping, the researcher indicated two numbers to the participants, the first referring to the hoop they should use to start the next motor test (i.e., one-footed jumps) and the second indicated the last hoop in the activity, with 0, 1, or 2 points according to two fails, or to one or two correct performances, respectively; and (iv) after the one-footed jumps, the researcher showed a yellow or blue card and the participants had to kick the ball at the color not shown, with a 0 or 1 point score according to a fail or one or two correct performances, respectively. The cognitive score (from 0 to 5) was the total score, i.e., 0 if no decisions were taken correctly and 5 if all the decisions were correct.




2.4 Data analysis

The differences in the skill score, time spent, and total score between the original and cognitive CAMSA were first compared using the Wilcoxon signed rank test. DT interference was then computed (Bustillo-Casero et al., 2017) and represented in boxplots (Oliver et al., 2018) that were influenced by dual tasking.

After determining that not all the adolescents had been similarly affected by dual tasking, the profiles of the DT performance were determined, for which the cognitive score, the skill score, and the time spent in the cognitive CAMSA were included as input variables in a SOM analysis. This analysis was computed on the Matlab R2021a Program (Mathworks Inc., Natick, United States) and the SOM Toolbox (Version 2.0 Beta) for Matlab (Vesanto et al., 1999).

The SOM analysis was used to classify the participants and provide profiles of their similarities in terms of the dependent variables in a three-step procedure (Pellicer-Chenoll et al., 2015), including: (i) the construction of the neuron network (i.e., 11 × 6 neurons map), (ii) the initialization, in which the value or weight of each input variable was assigned to each neuron in two different ways (i.e., randomized and linear initialization), and (iii) a training step to modify the values or weights of the neurons initially assigned by two different training algorithms (i.e., sequential and batch; Oliver et al., 2018).

Several factors influence the modification of the neuronal weights in each iteration during the training. An input vector (i.e., a study case or subject) is entered in the network, after which the neurons in the lattice “compete” to win the input vectors by achieving the smallest Euclidean distance between its weight vector and the input vector, so that the weight vector of the winning neuron has the closest values to the cases in the neuron. All the neurons in the lattice then adapt their weight values closer to the input vector values. The magnitude of the adaptation depends on two processes: (a) the learning ratio, which has a high value at the start of the training process, which is gradually reduced as the training proceeds; (b) the neighbor function, which determines the adaptation of the winning neuron and the rest of the neurons. The adaptation magnitude is negatively associated with the distance between the neuron and the winner. This process is repeated until the training process ends (Pellicer-Chenoll et al., 2015).

Since the final analysis depends on the random procedure (e.g., initialization and entry order of the input vector), the above-described process was repeated 100 times to increase the odds of finding the best solution. 1,600 SOM were obtained in this way because two different training methods, four neighborhood functions and two initialization methods were used (i.e., 100 × 2 × 4 × 2). After multiplying the quantization and topographical errors, the map with the minimum error was then chosen (Pellicer-Chenoll et al., 2015).

After the SOM analysis, a k-means method was used to classify the neurons into larger groups, according to the input variables’ characteristics. The number of clusters was set to range between 2 and 10 to avoid an excessive number of profiles. The final number of clusters was the one with lowest Davies-Bouldin index, which were used to describe individual profiles according to the input variables.

The clusters were lastly compared for both the input variables included in the SOM and by gender and single-task performance. The Corsi output variables (i.e., total correct trials, Block Span, and Memory Span), Digit Span (i.e., total number of correct sequences and Memory Span), and original CAMSA (i.e., motor skill score, time to complete the test, and total score) tests were compared between the clusters using the Kruskal-Wallis test with the Dunn test for pairwise comparisons. The Chi-Squared test was used to detect significant associations between cluster membership and gender, with the level of significance set to p = 0.05.




3 Results


3.1 Dual-task interference in the cognitive CAMSA

All the descriptive data of the variables used in this study are provided in Supplementary material. The results indicate that including cognitive tasks (i.e., decision making) in the cognitive CAMSA significantly reduced the total score while it increased the time spent (Figures 2D,G). Compared to the original CAMSA, the cognitive CAMSA motor skill score therefore did not change significantly (Figures 2A,B). Dual tasking during the cognitive CAMSA thus did not change the students’ motor skill score, whereas the time required to perform the test increased. However, when the DT interference is analyzed (Figures 2E,H), it can be seen that not all the participants had better scores in the original CAMSA (Figure 2I) or increased the time spent in the task (Figure 2F). 14% of the subjects had a higher total score in the cognitive CAMSA than in the original version, whereas 73% had lower total scores and the remaining 12% did not change theirs (Figure 2I). Furthermore, 82% of the subjects required a longer time in the cognitive CAMSA than in the original, while 17% reduced the time spent and the remaining 1% did not require the same time. Although no significant differences were found between the original and cognitive CAMSA in the motor skill scores, in Figure 2C, it can be seen that 22% of the subjects increased their motor skill scores in the cognitive CAMSA, 22% showed no change, while 56% showed a loss of performance (Figures 2B,C,E,H).
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FIGURE 2
 Dual-task interference during the performance of CAMSA test. Layers (A,D,G) show box plots of the values obtained in the motor skill score, time, and total score variables both on cognitive and original CAMSA, respectively. Layers (B,E,H) show box plots of the interference in the motor skill score, time and total score variables when performing dual tasks (i.e., cognitive CAMSA) compared to when performing single tasks (i.e., original CAMSA) respectively. Layers (C,F,I) show the percentage of participants who increase, decrease, or do not change their scores on the variables motor skill score, time, and total score when performing the cognitive CAMSA compared to the original CAMSA, respectively. *indicates significant differences (p < 0.05).




3.2 Performance profiles of cognitive CAMSA

According to the SOM approach and k-means cluster algorithms, using the cognitive CAMSA scores (i.e., cognitive score, skill score, and time spent) as input variables, six performance profiles were obtained (Figure 3). In other words, these six profiles are related to the participants’ performance in a DT situation. The association between cluster and gender was not significant (χ25 = 10.3; p = 0.06), clusters 4 and 5 having a higher percentage of males, while clusters 1 and 2 were composed of a higher proportion of girls than boys.
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FIGURE 3
 Results derived from Self-Organizing Map analysis in which performance profiles during cognitive CAMSA are described. Panel (A) shows the component planes resulted from Self-Organizing Maps analysis on cognitive score, motor skill score, and time spent in complete cognitive CAMSA. Panel (B) indicates the Davies-Bouldin index associated with k-means cluster algorithm applied to obtain profiles. Panel (C) shows the six clusters obtained using k-means algorithm with the lowest Davies-Bouldin index. Panel (D) reports the number of participants allocated in each cluster. Panel (E) shows the percentage of girls and boys in each cluster and the chi-square test results. Panel (F) represents the mean and standard deviation of each cluster in each of the variables obtained from cognitive CAMSA as well as Kruskal-Wallis test results. Pairwise comparisons are reported in the table of the layer (F), where each letter (i.e., c, m, and t) indicates in which variable significant differences between clusters were obtained.


A main effect of cluster membership was found on cognitive score (H5 = 146.15; p < 0.01), motor skill score (H5 = 102.68; p < 0.001), and time spent (H5 = 108.07; p < 0.001). Pairwise comparisons revealed that clusters 3 and 5 reported the highest cognitive performance, which, like cluster 2 showed the lowest cognitive performance. Clusters 4, 5, and 6 showed higher values than clusters 1, 2, and 3 in the motor skill score, while the time spent for those in cluster 1 was longer than the rest of the participants in other clusters. The individuals in cluster 5 obtained a higher time spent than those in clusters 2, 3, and 4, while those in cluster 2 required a longer time than those in cluster 6.



3.3 Differences between clusters in single task performance

The results revealed a significant effect of cluster membership on the motor skill score (H5 = 48.46; p < 0.001), time score (H5 = 80.28; p < 0.001), and total score (H5 = 93.01; p < 0.001) in the original CAMSA test. Pairwise comparisons (Figure 4) showed that clusters 4, 5, and 6 had higher motor skill scores than cluster 1, while cluster 5 had a higher motor skill score than clusters 2 and 3. In the time score, the participants in clusters 5 and 6 were faster than those in clusters 1 and 2, while clusters 3 and 4 were slower than cluster 5. The total original CAMSA score was also lower in cluster 1 than in 4, 5, and 6, while clusters 5 and 6 showed higher values than 2. The values of those in clusters 3 and 4 were lower than those in cluster 5.
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FIGURE 4
 Differences in the variables obtained from original CAMSA, Corsi Block test, and Digit Span test between clusters.


In cognitive performance, there was a main effect of cluster membership on the total correct trials (H5 = 17.15; p < 0.004), block span (H5 = 16.47; p < 0.006), and memory span (H5 = 15.61; p < 0.008) obtained in the Corsi Block test. Pairwise comparisons (Figure 4) revealed that cluster 5 had higher values in total correct trials, block span and memory span than cluster 1. The rest of the clusters showed no significant differences. In Supplementary material, all the pairwise comparisons as well as effect sizes are available.

A main effect of cluster membership was found on the total number of correct sequences (H5 = 11.73; p = 0.039) in the digit span test, while pairwise comparisons revealed no significant differences between the cluster although accordingly with the r-effect size small-to-medium effects were found between cluster 1 and cluster 4, 5, and 6 in both variables (Supplementary material).




4 Discussion

Including cognitive demands (e.g., decision making) into field-motor tests could provide a new insight into the motor competence assessment field because, as the setting is maintained, cognitive performance can be assessed in an ecological environment just like active games. The purpose of the current study was thus to design and test a cognitive CAMSA, which includes decision making-based verbal and visual cues in order to assess both motor competence and cognitive performance and to analyze the impact of a cognitive load on motor competence in an ecological setting. In general, and in comparison with the original CAMSA, there were no significant differences in the motor skill score during the application of the cognitive CAMSA. However, the time spent increased, resulting in lower marks in the total score. Interestingly, these results vary widely among the participants in the current study; for instance, some improved their motor skill score (22%), while others did not (22%) or reduced their motor skill score (56%). The same occurred with the time spent, with most the participants increasing the time spent (82%), some reducing it (17%), and a small minority obtaining a similar time (less than 1%). Previous studies have shown an increase in motor performance during DT application, to the detriment of cognitive performance (Schaefer et al., 2008). Other studies have shown how DT motor performance can decline, such as Palluel et al. (2010) and Olivier et al. (2010), who found reduced postural control in adolescents and children, respectively, in a DT compared to simple tasks. The effect of a cognitive load added to a motor task on performance still remains unclear, due to the diversity in the results obtained. However, all these previous results have the defect of considering that DT affects everybody in the same way, the present study being the first to analyze DT interference in a person-centered approach.

From our results it can be concluded that a DT does not affect everyone in the same way. The variables analyzed by the cognitive CAMSA included in the SOM gave rise to six profiles, including several profiles that deserve to be highlighted. The cluster 5 scores excel in both cognitive and motor competence, whether evaluated in isolation or by means of the cognitive CAMSA test, which is considered to be a DT setting. Similarly, cluster 1 shows a lower performance than the rest in both cognitive and motor competence, whether single or dual tasks. Profiles 1 and 5 include the highest number of participants.

It is interesting to note the existence of a profile (Cluster 2) that shows better cognitive performance during seated tests, with a reduced performance in the cognitive CAMSA (i.e., in a DT). In this profile, the individuals exhibited the appropriate levels of motor competence in both the original and cognitive CAMSA. The cognitive CAMSA could be considered as an adequate stimulus to increase the cognitive effort in this type of profile, given the contrasting performances in cognitive CAMSA (DT) and isolated cognitive tasks. On the other hand, it should be noted that a profile (Cluster 3) emerged that stands out for its cognitive performance during the cognitive CAMSA, but not in the simple cognitive tasks. Profile 3 suggests the need to improve motor skills in tasks with a high cognitive load. In terms of cognitive performance, there are groups with heterogeneous levels of cognitive performance in DT and simple tasks. It should be noted that limited significant differences were found between profiles in seated cognitive test. This can be due to a statistical type II error due to a reduced sample size of each cluster. In Supplementary material, some small-to-medium effect size between cluster 1 and clusters 4, 5, and 6 were found in digit span test variables. Future works would check if increasing the sample size of the clusters the differences between them emerge as significant.

While some students (profiles 5 and 6) showed good cognitive performance in the DT and the simple task, others (profile 2) performed worse in the cognitive tasks during DT than in simple tasks, or vice versa (profile 3). Studies by Howell et al. (2016) and Madehkhaksar and Egges (2016) concluded that the complexity of cognitive tasks can influence motor performance during the execution of a DT. On the one hand, Estevan et al. (2018) found reduced performance in motor and cognitive tasks in adolescents as the DT cognitive requirements were increased. On the other hand, Bustillo-Casero et al. (2020) detected better adaptation of postural control in DT as the difficulty level of the cognitive task was raised. So far, no single model has been found to explain DT interference, since it affects individuals differently according to unknown factors, which prevents generalizing theoretical models to the whole population. The cognitive CAMSA seems to emerge as a key tool that enables the precise assessment of student DT performance in order to implement the most suitable learning strategies in schools, as it helps us to accurately identify our students’ characteristics.

As indicated in the previous paragraph, static and moving cognitive assessment are not clearly equivalent, similar to previous research. In the study by Brilliant et al. (2021), discordance between static and moving cognitive test scores was observed. On the other hand, Ramos-Nuñez et al. (2017), confirmed that different executive functions contribute to task performance depending on task difficulty, with modularity being involved in simple tasks and cognitive flexibility in complex tasks. There have been found profiles that perform isolated cognitive tasks correctly, but not during a DT (Cluster 2) and vice versa (Cluster 3), in line with previous studies (Schaefer et al., 2008; Palluel et al., 2010; Howell et al., 2016; Bustillo-Casero et al., 2017). Trying to measure the PL cognitive domain by means of a DT situation (motor competence with a cognitive load) instead of a seated cognitive test may be recommended, since it more closely resembles a real sports situation. In this regard, the cognitive CAMSA allows us to assess a cognitive performance during motor tasks and at the same time make a global motor competence assessment (total score) similar to the one performed in the original CAMSA.

Although there were no significant differences in the men/women ratio in the profiles obtained, this aspect requires attention, since the trend toward significance has been found. As can be seen, some profiles have a higher prevalence of males or females that exhibited clearly distinctive characteristics. The frequency of males in clusters 4 and 5, which have medium to high levels of motor skill scores, both in DT and in isolation (i.e., cognitive CAMSA and original CAMSA) is higher than females, while females appeared associated with cluster 1, with lower levels in the afore-mentioned skills. One reason why motor competence seems to be influenced by gender is that males tend to participate more regularly in physical activity during the early stages (Boraita et al., 2020; Kallio et al., 2020; Abid et al., 2021). This could be attributed to gender-related social conditioning, which could lead to an erroneous physical self-perception and a negative predisposition to sports participation in girls (Cavallo et al., 2015; Corr et al., 2019; Sabiston et al., 2019) and in turn provide women with fewer opportunities to develop motor competence. It thus seems essential to equalize the gender participation in sports activities and to improve female students’ physical self-perception. These findings highlight the need for educational interventions that equalize the results of boys and girls. It is noted that the context conditions females, as in early childhood boys and girls tend to show similar results in motor skills, which can be even higher in the female gender (Rodríguez-Guerrero et al., 2023). Therefore, implementing programs to encourage girls to take up physical activity may be key to achieving this goal (Aguilar Jurado et al., 2018). In addition, the professional training of teachers is a factor that can have a strong influence on the development of motor skills in early childhood for both boys and girls (Honrubia Montesinos et al., 2023).

As has been noted, since different factors can influence performance when carrying out a DT, it seems necessary to examine additional factors which in theory are not considered during its assessment. Those with a more developed PL (frequently those with more sports experiences) are likely to obtain higher motor competence scores (Seidler, 2004; Li et al., 2007; Yang, 2015) and probably also cognitive performance during a motor task. Each individual’s functional perceived difficulty of a task could also be a conditioning factor (Li et al., 2007; Goldhammer et al., 2014; Akizuki and Ohashi, 2015; Aljamal et al., 2019). It is also possible that different people carry out the same task with more or less effort, and this should be taken into account when evaluating a DT. In addition to enjoyment, it is also important to mention the motivation involved in the task. Those who show greater motivation to perform a DT make a greater effort to improve their performance (Ainley, 2006; Li et al., 2007; Shin and Grant, 2019). In future research, it would be interesting to measure all these factors to obtain results closer to DT evaluation in a more realistic way.

Like most, this study is not without its limitations. Despite the fact that previous studies have shown differences by gender in the levels of motor competence (Boraita et al., 2020; Kallio et al., 2020; Abid et al., 2021), no significant association between clusters and gender were found in the present study. This divergence can be due to the fact that we are conducting a person-centered approach while previous studies perform the analysis on a variable-centered approach. Secondly, the lack of a specific scoring scale for the cognitive CAMSA (including relative time score) reduced the total score. Future research should consider the application of a separate scale for cognitive CAMSA scoring in this way. Furthermore, it should be noted that in the cognitive tasks of the cognitive CAMSA there is the possibility that a motor error may occur instead of a cognitive error. For example, it is possible that some participants resolved correctly the question about to what target to throw the ball but technically they fail and hit the incorrect target. This has been categorized as a cognitive error but actually it is a motor skill mistake. It should be noted that of the five cognitive decisions to be made, a motor error is only possible in two (throwing and kicking). Moreover, the authors consider that this error is marginal and does not significantly affect the results obtained. Nevertheless, as an alternative, it would be interesting to ask participants to comment aloud on the side of the throw and kick before performing it. Finally, an important area for attention is the need for extensive validity and reliability testing of the Cognitive CAMSA. The lack of extensive validation and reliability testing may limit the consistency and accuracy of the instrument in providing results across different demographic groups and over time. The recognition of this requirement for further validation and reliability testing underlines the need for future research to ensure a full understanding and robustness of the Cognitive CAMSA as an assessment tool.

Regarding the study’s practical applications, we can highlight on one hand the design of the cognitive CAMSA, which assessed not only motor competence, but also cognitive performance. The cognitive CAMSA could thus be applied in physical education to assess these two PL aspects in secondary school students and also whether it improves over time. We were also able to determine the profiles of adolescents in performing the cognitive CAMSA and to classify individuals into these profiles to determine their general characteristics and any aspects that should be empowered. For example, a student who performs the cognitive CAMSA and is placed in cluster 5 will be an adolescent with high DT performance (both cognitive and motor competence) but will also perform well when executing the tasks separately. In view of these results, educational interventions should be considered in physical education based on improving motor and cognitive performance in DTs.



5 Conclusion

In conclusion, a cognitive version of the CAMSA was designed and tested for assessing both motor and cognitive performance, which are elements in the physical and cognitive PL domains. We found that the interference generated by the cognitive CAMSA did not affect all the adolescents equally, i.e., we found six student profiles based on their motor competence and cognitive performance. Some of these profiles belonged to adolescents with a similar performance in both DT and single-task contexts (e.g., cluster 5 and 6). However, others showed high motor competence in single and dual tasking while their cognitive performance declined (e.g., cluster 4) or increased (e.g., cluster 3) in DT compared to single tasks. Adolescents will benefit from the cognitive CAMSA because it allows them to be grouped by their performance and any aspects that require to be fostered.
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Background: The present study aims to compare the mental rotation performance between two non-contact sports (i.e., badminton and volleyball) in different upright conditions (i.e., with and without dynamic balance).
Methods: Thirty-five female sports and physical education students voluntarily participated in the experiment, including fourteen specialists in badminton and twenty-one specialists in volleyball. The experiment involved a mental body rotation task with or without balance exercises on a wobble board.
Results: Badminton players outperformed volleyball players in the mental rotation tasks regardless of balance. More interestingly, the results revealed an overall decrease in reaction times when participants performed balance exercises simultaneously with mental rotation.
Discussion: Our findings suggest that introducing dynamic balance on a wobble board has immediate beneficial effects on the mental rotation performance of female badminton and volleyball players. These findings are discussed in the context of sport specificities and cognitive processing framework.

KEYWORDS
 mental rotation, response time, dynamic balance, badminton, volleyball


1 Introduction

Brain imaging studies provide strong evidence for the involvement of the body’s mirror system in observing complex movements (Calvo-Merino et al., 2005). Guillot and Collet (2005) showed that imagining a movement seems to preserve the spatial and temporal characteristics and be based on the same cognitive and neural systems as the actual movement. In a mental rotation task (MR), participants are asked to identify as fast as possible whether two misoriented images represent the same or mirrored object. Such object-based mental rotation tasks classically tap on visual processes, implying a linear increase in decision times as a function of the angular disparity between the two images (Shepard and Metzler, 1971). Later, some authors used images of body parts (i.e., hand or foot) in MR tasks and asked participants to judge whether the image depicted a right or left body part (i.e., laterality judgment). The results revealed that reaction times were affected by the biomechanical constraints of the real body parts movements (Sekiyama, 1982). These findings suggest that participants imagine their own body parts moving until alignment with the position of the stimulus (Moreau, 2012, 2013). Similarly, studies using depictions of human bodies with one arm outstretched revealed that the time to judge which arm is outstretched (i.e., laterality judgment) is dramatically affected by extreme (i.e., upside-down) body positions (Steggemann et al., 2011). Hence, these egocentric mental rotation tasks seem to imply embodied motor strategies transforming participants’ own mental body representations to solve the task (Steggemann et al., 2011; Habacha et al., 2022; Khalfallah et al., 2022). That is, egocentric mental rotation involves cognitive processes used for both motor imagery and motor execution (Kawasaki and Higuchi, 2013).

Sport practice is an ideal context to develop spatial capacities, in particular visualization, orientation, and MR (Calvo-Merino et al., 2005; Pietsch and Jansen, 2012). During sports practice, the cognitive mechanisms underlying a movement play a key role in its improvement, considering the functional equivalence between actual and imagined skills (Decety, 2002). Moreau et al. (2012) and Pietsch and Jansen (2012) demonstrated large effects of motor training on mental rotation performance.

Additionally, athletes with different abilities in different sports appear to use different strategies to solve the same mental rotation tasks. Accordingly, the specific sensorimotor experiences seem to shape the cognitive processing during these tasks (Steggemann et al., 2011; Habacha et al., 2017, 2022). These findings support the involvement of motor processes in MR (Jansen and Lehmann, 2013) and further refine the established equivalence between actual and covert movement.

Furthermore, it has been shown that physical activity, especially a balance training program, improves memory and spatial awareness (Rogge et al., 2017). Rogge et al. (2017) compared the balance and cardiorespiratory fitness of two groups with and without 12 weeks of balance training. Only participants who followed the training significantly improved their balance, memory, and spatial awareness. The researchers explain that stimulation of the vestibular system during balance training could have induced changes in the hippocampus and parietal cortex, possibly through direct pathways between the vestibular system and these brain regions (Rogge et al., 2017). Bigelow and Agrawal (2015) showed a link between vestibular function and cognitive domains of visuospatial ability, including spatial memory, navigation, MR, and mental representation of three-dimensional space. Hofmann and Jansen (2021) investigated the relationship between MR and postural stability by examining the effects of performing an egocentric (i.e., bodily stimuli) and object-based (i.e., abstract stimuli) MR task simultaneously with stabilized postural sway in a tense position with both legs on a stable surface (i.e., a force plate). Their results showed that the egocentric task involved more body swaying than the object-based task. These results suggest that the egocentric mental rotation task involved more kinaesthetic imagery and motor processes in that subjects had to imagine rotating their own bodies’ mental representations (Kessler and Rutherford, 2010), whereas the object-based task involves mostly visual processes that are not affected by the kinaesthetic body representations (Hofmann and Jansen, 2021). Furthermore, increasing the rotation angle of the stimuli in the MR task resulted in more body sway (Hofmann et al., 2022), confirming the involvement of motor processes. Pellecchia (2003) corroborated this finding by revealing that more body sway may be due to increased difficulty of concurrent cognitive tasks. In addition, attentional focus (i.e., internal and external) is very important. Mental body rotation combined with dynamic balance engages both external and internal attentional focus, noting that the performance benefits are greatest when participants use an external focus of attention (e.g., directed attention on the effect of movement on the environment) versus an internal focus of attention (e.g., a focus on body movement) (Wulf et al., 1999, 2010; Singh and Wulf, 2022).

However, not all athletes automatically engage motor processes during MR of bodily stimuli, resulting in contradictory results. Participation in certain sports, such as wrestling, seems to favor motor-based strategies to outperform other athletes or non-athletes, even if abstract objects are used in MR (Moreau et al., 2012; Pietsch et al., 2019). Furthermore, athletes whose sports require more visuospatial and kinaesthetic abilities linked to real body rotations, such as wrestlers and gymnasts, show better performance in MR of bodily stimuli than athletes who practice cardiovascular activities such as running (Moreau et al., 2012; Schmidt et al., 2016). In contrast, team sports encourage the use of visual strategies, as athletes are trained to perceive and analyze moving objects and examine spatial relationships with partners and opponents from off-centre perspectives (Steggemann et al., 2011).

Moreover, athletes from team sports and racquet sports showed significantly shorter reaction times (i.e., go/no-go) than those in other sports (Dogan, 2009; Erickson, 2020). Delpont et al. (1991) observed faster transmission in the visual pathway in tennis and squash players compared to rowers and non-athlete controls. That is, team sports and racquet sports, which require rapid visual activity, seem to enhance the development of information processing and mental rotational performance. However, other studies have shown that elite team athletes do not exhibit better mental rotational performance of bodily and abstract figures compared to non-athletes (Jansen et al., 2012; Heppe et al., 2016).

One way to provide new insight into these contradictory results is to compare the performance of badminton and volleyball female players in MR of bodily stimuli in different upright conditions (i.e., with and without dynamic balance). The effect of balance on MR performance in one group and not the other would help understand the processes engaged in the task.

We hypothesized that the dynamic balance condition would have immediate beneficial effects on the MR task, resulting in decreased response times for both female badminton and volleyball players. Additionally, we made the hypothesis that female badminton players would be more effectively able and faster than their volleyball counterparts to recognize the correct response of rotated body images, given that the shuttlecock in badminton travels at a much faster and less predictable trajectory than the ball in volleyball.



2 Methods


2.1 Participants

A minimum sample size of 35 participants was determined from an a priori statistical power analysis using G*Power software [Version 3.1, University of Dusseldorf, Germany (Faul et al., 2009)]. The power analysis was computed with an assumed power of 0.95 at an alpha level of 0.05 and a moderate effect size of 0.30. Therefore, thirty-five volunteer female sports and physical education students, fourteen specialists in badminton (age 20.48 ± 1.04 years; height 1.80 ± 0.03 m; weight 78.12 ± 3.73 kg) and twenty-one specialists in volleyball (age 21.57 ± 1.47 years; height 1.87 ± 0.02 m; weight 80.03 ± 4.03 kg) agreed to participate in this study. After being informed in advance of the procedures, methods, benefits, and possible risks of the study, each participant reviewed and signed a consent form to participate in the study. The experimental protocol was performed in accordance with the Declaration of Helsinki for human experimentation (Carlson et al., 2004) and was approved by the University Local Ethical Committee (EDU/PHEDS83961/2022).



2.2 Experimental design and procedures

This study consists of three random assessments (i.e., randomized counterbalanced, Latin Square), every assessment took place on a separate successive day. All assessments were carried out in the gymnasium at the same time of the day (between 10:00 PM and 12:00 PM). Each of the assessments was a human mental rotation task with and/or without balance exercises, i.e., (frontal and/or sagittal balance) on a wobble board SPBB [length and width 420 mm × 420 mm; height 70 mm (Mattacola and Lloyd, 1997)].

Five stimuli were used in the mental rotation task with egocentric transformation (ET), each including a pair of standard and comparison images (Figure 1). We used the standard image on the left part of the monitor screen and the rotated image on the right of the screen. The standard image consists of an upright human figure with either the left or right arm outstretched. The comparison image was either a copy or a mirror-reversed copy of the standard one, rotated in one of five orientations (45°, 135°, 180°, 225°, and 315°).

[image: Computer-generated illustration of a person in a pink shirt and blue pants in two positions. On the left, they stand upright with one arm raised. On the right, they are positioned horizontally with arms outstretched, face down.]

FIGURE 1
 Example of stimulus of objected-based body condition.


The mental rotation task was performed in three conditions:

	a. In a standing position: The subject takes an upright position in front of the PC with a wireless joystick in his hand.
	b. In sagittal balance: The subject takes an upright position on a Single Plane Balance Board (SPBB) in front of the PC with a wireless joystick in his hand (Figure 2A).
	c. In frontal balance: The subject takes an upright position on a Single Plane Balance Board (SPBB) in front of the PC with a wireless joystick in his hand (Figure 2B).

[image: Wireframe models of a human figure in two poses, labeled A and B. Figure A shows a side view with a curved posture, while Figure B displays a front view with hands on hips, both standing on platforms.]

FIGURE 2
 Experimental protocol: (A) Bipedal sway, sagittal balance; (B) Bipedal sway, frontal balance (El-Ashkar et al., 2023).


This results in a total of 60 trials: 3 (conditions: static, sagittal and frontal balance) × 2 (groups: badminton and volleyball) × 5 (angle display: 45°, 135°, 180°, 225°, and 315°) × 2 (same or different). The order of stimulus presentation was counterbalanced, and each rotation angle could not appear 2 times in succession.

Each trial began with a blank screen for 1,000 ms, after which a black fixation cross was displayed at the centre for 500 ms. After fixation, the test image was presented for a maximum of 5,000 ms and remained on the screen until a response was given. Stimuli were displayed, and response times were recorded via the free software OpenSesame (Mathôt et al., 2012). The mental rotation task lasted about 4 min.



2.3 Statistical analysis

The SPSS 20 package [SPSS, Chicago, IL, USA] program was used for the data analysis. Descriptive statistics (i.e., means ± SD) were performed for all variables. The effect size was conducted using G*Power software [Version 3.1, University of Dusseldorf, Germany]. The following scale was used for the interpretation of d: <0.2, trivial; 0.2–0.6, small; 0.6–1.2, moderate; 1.2–2.0, large; and > 2.0, very large (Hopkins, 2002). The normality of distribution estimated by the Kolmogorov–Smirnov test was acceptable for all variables (p > 0.05). Consequently, ANOVA with repeated measures on two factors (i.e., balance and group) was used to benchmark different balance strategies. The Bonferroni test was applied in post-hoc analysis for pairwise comparisons. Additionally, effect sizes (d) were determined from ANOVA output by converting the partial eta-squared to Cohen’s d. A priori level less than or equal to 0.5% (p ≤ 0.05) was used as a criterion for significance.




3 Results

The ANOVA showed a significant main effect of “balance” (i.e., without balance (WB), with sagittal (SB) and frontal balance (FB)) and “group” (i.e., badminton and volleyball) in the response time (p < 0.01) and the error percentage (p < 0.05). In addition, results revealed a significant interaction between “balance” and “group” [in general RT (Table 1)].



TABLE 1 ANOVA with repeated measures.
[image: Data table displaying statistical results for variables labeled as "Balance," "Sports," and "Balance * Sports" across different response times and error percentages. Columns include source, degrees of freedom (df), mean square, F-value, significance (Sig.), effect size, and power. Significant values are indicated, with asterisks denoting levels of significance. Additional notes explain abbreviations and significance levels.]

Pairwise comparison between balance conditions (i.e., without balance, with sagittal and frontal balance) showed significant differences (p < 0.01) for RT in all rotation degrees (i.e., 45°, 90°, 135°, 180°, 225°, 270°, and 315°) between WB and FB conditions. Also, between WB and SB conditions. In addition, there is a significant RT difference (p < 0.01) between FB and SB only in 135° rotation. Then, the EP results showed a significant difference (p < 0.05) in 315° body rotation angle, in WB vs. FB conditions (6.19 ± 13.45% and 3.47 ± 8.15% respectively) and FB vs. SB conditions (3.47 ± 8.15% and 5.23 ± 9.71% respectively) (Figure 3; Table 2).

[image: Line graph showing response times in milliseconds for volleyball and badminton across different angles. Volleyball WB peaks at 180 degrees with over 2,500 ms, followed by Volleyball FB, Badminton WB, and others. Response times decrease after 180 degrees.]

FIGURE 3
 Response time for all body rotation angles and conditions.




TABLE 2 Pairwise comparison.
[image: Table displaying comparison measures in various conditions with columns for mean difference, standard error, significance, and effect size. It compares responses like RT Gen, RT at various angles, and EP, with significance marked at p < 0.05 and p < 0.001.]

Furthermore, between-group comparison (i.e., badminton vs. volleyball), showed a significant difference (p < 0.05) in the general RT (1644.91 ± 465.02 ms vs. 2182.08 ± 684.24 ms respectively) and general EP (2.89 ± 3.11% vs. 11.22 ± 16.63% respectively). Also, in the EP at 180°, 270° and 315° body rotation angle in WB (180° = 3.57 ± 7.10% vs. 19.05 ± 24.88%, 270° = 1.19 ± 4.46 vs. 12.70 ± 18.18% and 315° = 1.20 ± 4.44 vs. 9.52 ± 18.30% respectively), FB (180° = 7.17 ± 14.21% vs. 23.14 ± 29.51% and 270° = 2.38 ± 6.05 vs. 12.71 ± 18.41% respectively) and SB (315° = 1.18 ± 4.44 vs. 7.93 ± 11.32% respectively) conditions.

Regarding the balance * group interaction, there is a significant difference (p < 0.05) in the general RT between badminton and volleyball players, particularly in WB condition (1644.91 ± 465.02 ms vs. 2182.07 ± 24.09 ms respectively). When introducing the FB or SB task, the RTs are very close (1518.42 ± 405.40 ms vs. 1701.58 ± 554.86 ms and 1555.41 ± 372.47 ms vs. 1565.08 ± 433.56 ms respectively, badminton and volleyball players).

On the other side, balance (i.e., velocity and displacement) was enhanced when introducing MR task (p < 0.01) in both sports disciplines (i.e., volleyball and badminton) and balance conditions (i.e., FB and SB) (Figures 4, 5). In addition, there is a significant interaction between FB and sports in the displacement [F(1,33) = 4.333; p < 0.05; d = 0.876] in favor of badminton players (10.886 ± 4.029 cm vs. 8.053 ± 3.172 cm, p < 0.001, d = 1.256, respectively volleyball and badminton players).

[image: Four polar graphs comparing velocities in sagittal and frontal balance for badminton and volleyball. Each graph shows two sets of data: Velocity W MR (blue) and Velocity H MR (green). Top left: Badminton, Sagittal Balance; Top right: Volleyball, Sagittal Balance; Bottom left: Badminton, Frontal Balance; Bottom right: Volleyball, Frontal Balance. Velocity values are in centimeters per second.]

FIGURE 4
 Balance velocity in frontal and sagittal conditions with and without human mental rotation task.


[image: Four radar charts showing balance displacement in centimeters for badminton and volleyball in sagittal and frontal planes. Each chart compares two conditions: W MR and H MR, represented in blue and green lines, respectively. Badminton charts show less displacement than volleyball, with distinct patterns in sagittal and frontal balances.]

FIGURE 5
 Balance displacement in frontal and sagittal conditions with and without human mental rotation task.




4 Discussion

This study aimed to compare the MR performance between two non-contact sports, namely badminton and volleyball, across different upright conditions (i.e., with and without dynamic balance) in female players. More specifically, the aim was to examine whether dynamic balance affect the performance of these female athletes implying their use of motor processes during the task.

Our results showed a significant decrease of RT in both balance conditions (FB and SB) compared to the static condition (WB). This finding suggests that the unstable equilibrium position could have enhanced the cognitive processing of participants allowing them to perform the MR task faster. In this context (Kawasaki et al., 2014), showed that participants in unipedal standing performed the MR task faster than the bipedal standing group and had lower sway scores. They revealed that the MR is involved in controlling upright human posture and could be related to the ability to stand as still as possible. Taken together with our results, these findings suggest that the ability to mentally imagine body movements may be related to postural stability while involving a challenging postural task. Thus, our results are consistent with those of Kawasaki and Higuchi (2013), which showed that MR interventions have immediate beneficial effects using dynamic balance conditions.

Additionally, the decrease of RT in balance conditions was significant in all body rotation angles, ranging from body orientations that every athlete could execute during practice to extreme body positions. That is, cognitive processing seems to be enhanced even with stimuli that require easy or little processing, highlighting the robustness of the effect of balance. Accordingly, our results confirm that a dual task (i.e., MR and body sway) enhances both performances (i.e., RT and stability) in FB and SB conditions (Hofmann and Jansen, 2021; Hofmann et al., 2022). In addition, Rogge et al. (2017) proved beneficial effects on memory, orientation, and spatial cognition after balance training through the activation of the vestibular system.

Furthermore, our results reveal a classic linear increase of RT as a function of rotation angle up to 180° and a decrease after. Habacha et al. (2022) and Steggemann et al. (2011) computed mean RT of angular disparities for which the shortest rotation path between stimulus and target is the same (e.g., 45°–315°, 90°–270°, 135°–225°). In addition, Parsons (1987) and Zartor et al. (2010) confirm that participants in mental body rotation tasks classically choose the shortest path to align their body representation with the stimuli. This interpretation can explain why the 180° angle represents the greatest difficulty in our study.

Keehner et al. (2006) and Michelon and Zacks (2006) revealed that the classical behavioral result for egocentric MR tasks implies an increase of RT for angles above 60° or 90°. Angles below 60° detect body positions that are similarly easy to physically and mentally adopt and thus show no increase in RT. In our study, the introduction of a second task (i.e., postural balance) could have made the easy positions difficult to adopt, since the balance affected the starting position of the body representation to transform. This is in line with the studies showing that the change in body position during MR can affect performance (Ionta et al., 2007; Ionta and Blanke, 2009). That is, more cognitive processing could have been required and thus RT increased even for small angles. Furthermore, Huxhold et al. (2006) and Shumway-Cook and Woollacott (2007) suggest that postural stability is the result of a shift of attention to the cognitive task and therefore the automaticity and efficiency of the postural control processes are enhanced. Against this, Hofmann and Jansen (2021) revealed that in egocentric tasks, the angular disparity does not influence postural sway. For object-based tasks, there is a tendency for higher rotation angles to lead to more postural sway.

Our results revealed that female badminton players have faster RT and smaller error percentages than female volleyball players. This could be explained by the fact that, in badminton, the shuttlecock travels at a much higher speed and with a less predictable trajectory than a volleyball, requiring faster reflexes to be able to hit the shuttlecock accurately (Phomsoupha and Laffaye, 2015). Additionally, female badminton players often must react to shots that are hit directly at them, whereas female volleyball players have more time to react because the ball is hit back and forward across a net. Moreover, research studies have shown that badminton players tend to have faster reaction times compared to other athletes practicing other sports such as football, handball, volleyball, wrestling, and ice skating (Bańkosz et al., 2013; Dube et al., 2015). Consequently, Alexander and Boreskie (1989) classified sports such as badminton, table tennis, and squash (i.e., with racquets) as reaction sports.

Interestingly, the interaction between balance and groups was only significant in the WB condition. When introducing FB or SB tasks, the RTs were fairly similar. This suggests that both female groups react in the same way to stress/disturbance of postural balance on both the frontal and sagittal planes (Bisht et al., 2017). Bisht et al. (2017) showed no significant difference in balance ability between volleyball and badminton players and suggested that balance ability is equally necessary and a prerequisite for both of these sports. That is, badminton and volleyball players could similarly develop their balance skills during their practice, and a disturbance in their balance would thus induce almost the same reaction (Trivedi and Rawal, 2020).



5 Conclusion

In summary, introducing dynamic balance on a wobble board seems to have benefits on the performance of a concurrent mental rotation task, with similar benefits observed in both female badminton and volleyball players. Additionally, the superior performance of female badminton players compared to volleyball players suggests distinct effects of these two sports on mental rotation abilities. Furthermore, dynamic balance seems to be equally necessary and a prerequisite for both female badminton and volleyball players.
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Background: Cognitive-Motor Dual Task (CMDT) training has been widely utilized in rehabilitation and sports practice. However, whether CMDT training can better enhance athletes’ cognitive-motor performance compared to traditional single-task (ST) training remains unclear.
Method: A systematic review that complied with PRISMA was carried out (Prospero registration number: CRD42023443594). The electronic databases used for the systematic literature search from the beginning through 13 June 2023, included Web of Science, Embase, PubMed, and the Cochrane Library. After obtaining the initial literature, two researchers independently assessed it based on inclusion and exclusion criteria. Finally, the included literature was analyzed to compare the differences between ST training and CMDT training.
Results: After screening 2,094 articles, we included 10 acute studies and 7 chronic studies.
Conclusion: This systematic review shows that athletes typically show a degradation of performance in CMDT situations as opposed to ST when evaluated transversally. However, this performance decline is notably reduced following longitudinal training in CMDT, indicating the effectiveness of sustained CMDT training in enhancing cognitive-motor performance under dual-task conditions. Our study provides new insights into the application of CMDT in the field of sports training. Practitioners can utilize CMDT to assess athletic skill levels or optimize cognitive-motor performance of athletes, taking into account the specific needs of each sport.
Systematic review registration: https://www.crd.york.ac.uk/prospero, identifier CRD42023443594.

Keywords
 dual-task; cognitive-motor dual-task; athletes; cognitive performance; motor performance


1 Introduction

In the sphere of athletic development, it is argued that a training regimen which mirrors, to the highest degree possible, the demands inherent to actual competition yields the most substantial transfer effects on athletes’ competitive performance (Murphy et al., 2016). Consequently, optimal training is posited to be that which converges with the reality of competition (Halouani et al., 2014; Murphy et al., 2016). The rapid advancement of modern competitive sports, along with the corresponding increase in competitive intensity among athletes, has given rise to this concept. Superior performances are often the emergent properties of a multifaceted matrix that intricately intertwines components such as rigorous training (Laursen and Jenkins, 2002; Smith, 2003; Sarmento et al., 2018), honed skills (Hrysomallis, 2011; Suchomel et al., 2016), and inherent talents (Smith, 2003; Breitbach et al., 2014; Varillas-Delgado et al., 2022). The progressive strides made in the fields of sports science and sports psychology have incrementally augmented our understanding of competition-centric training. Historically, the focus of inquiry gravitated predominantly toward the tangible, physical aspects of training, which included elements like fitness enhancement and technical skill refinement (Beattie et al., 2014; Wortman et al., 2021). However, the present-day narrative has witnessed a paradigmatic shift, with a surge in the number of researchers turning their investigative lens toward the pivotal role cognition plays within the sphere of athletic training (Broadbent et al., 2015; Slimani et al., 2016; Bühlmayer et al., 2017; Emirzeoğlu and Ülger, 2021). In the crucible of real-world competition, athletes are mandated to draw from a well-rounded skill set (Broadbent et al., 2015). This necessitates not only a sturdy foundation of physical robustness and technical prowess but also the ability to swiftly seize evanescent opportunities amidst complex athletic environments (Fuster et al., 2021). This dexterity enables athletes to execute a variety of technical maneuvers in a timely fashion, thereby optimizing their victory potential (Sabarit et al., 2020).

Consider the paradigm of a basketball match. A point guard, tasked with both dribbling and scanning the court, must maintain a keen awareness of the positions of teammates and opponents. This situational awareness allows the point guard to distribute the ball optimally, entrusting it to the player with the greatest opportunity at a given moment, hence setting the stage for an offensive maneuver. This scenario exemplifies the characteristic features of dual-tasking (DT; Bronstein et al., 2019), a subject of growing interest in contemporary sports research. Furthermore, extending this concept to incorporate the notion of “incorporated/added DT” as proposed by Herold et al. (2018) provides a more nuanced understanding of DT in sports contexts. This approach, differentiating from the traditional DT framework, involves the intentional addition of an extra cognitive task alongside the primary motor activity. For instance, a point guard engaged in regular dribbling and court scanning might also be tasked with an additional memory or attention challenge. This integrated approach enables a more precise evaluation of the interplay and coordination between cognitive and motor tasks, offering a means to control and quantify cognitive load in real-time sports situations. The application of “incorporated/added DT” methodology not only mirrors the complex realities of sports competitions but also allows for a deeper exploration into how athletes maintain a balance between motor skills and situational awareness under varying cognitive demands. Insights gained from this perspective are crucial for developing training methods that enhance cognitive-motor coordination and overall athletic performance, particularly in sports that demand high levels of strategic thinking and quick decision-making.

Traditional athletic training acknowledges the importance of periodized arrangement of individual training tasks, such as technique, physical fitness, tactics, and psychology, for optimizing athletes’ performance to the maximum extent (Issurin, 2010; Hartmann et al., 2015). However, a fundamental difference exists between the actual demands faced by athletes who complete cognitive and motor tasks simultaneously in competitive scenarios and the training mode that involves sequentially completing technical and tactical exercises. This discrepancy may limit the transference effect of training. Therefore, researchers in sports science and psychology have gradually begun to pay attention to the cognitive-motor dual task (CMDT) training (Gabbett et al., 2011), which creatively combines specialized athletic techniques with cognitive tasks in the hopes of enhancing athletes’ performance in actual competitions.

In the field of Cognitive-Motor Dual-Task (CMDT) training, distinct streams of research have emerged, each focusing on different applications and outcomes. Athletic training research primarily seeks theoretical and methodological advancement for performance enhancement. In this domain, studies have explored how CMDT can be utilized for the simultaneous development of physical and cognitive skills in professional athletes, such as in the training routines of NBA players like Jeremy Lin, who performs dribbling and arithmetic tasks concurrently. On the other hand, athletic rehabilitation research has been more focused on using CMDT for post-injury recovery. Much of the current evidence for the benefits of CMDT training, surprisingly, did not originate from athletic training research but rather from the fields of athletic rehabilitation and athletic practice (Pang et al., 2018; Gallou-Guyot et al., 2020; Tuena et al., 2023). CMDT has shown promise in improving patients’ neuro-muscular functions and motor-cognitive abilities, aiding in the recovery of normal functions post-injury. This is evident in the improvement of physical functions and cognitive-motor performance in individuals with conditions like Parkinson’s disease (Pereira-Pedro et al., 2022), stroke (Liu et al., 2017; Zhou et al., 2021), falls (Lord and Close, 2018). Furthermore, clinical research has demonstrated the significant contributions of CMDT in clinical risk assessment and prognostic evaluation. For instance, CMDT approaches combining walking and cognitive tasks are used to assess concussion risks in athletes or evaluate recovery statuses in concussion patients (Howell et al., 2017a,b).

Despite the accumulation of substantial evidence supporting CMDT training in areas such as rehabilitation therapy, current studies on CMDT within the sports science community is still in its infancy (Moreira et al., 2021). The exploration of CMDT training in the field of sports training remains limited, and the mechanisms and temporal progression of CMDT adaptation are still not fully understood (Moreira et al., 2021). For instance, while existing evidence has affirmed the potential benefits of CMDT on motor-cognitive performance, some studies have pointed out that the execution of DT in open-skilled sports is subject to strict time constraints (Baumeister, 1984). This may lead to an excessive cognitive load on individuals in a short time, causing a drastic decline in overall performance. Moreover, although previous systematic reviews have discussed the impact of DT training on athletes, the literature includes an excess of single cognitive type DT (Moreira et al., 2021), which clearly does not align with task characteristics during sports competition. Finally, due to considerable heterogeneity in CMDT intervention strategies for athletes in different sports, the applicability of this method in the field of sports remains indeterminable. Thus, the objective of this article is to systematically evaluate the impact of CMDT on the cognitive functions and athletic performance of athletes, in the hopes of providing a theoretical foundation for subsequent research, and offering guidance for coaches and related practitioners in formulating and adjusting sports training plans.



2 Methods

This systematic review is in alignment with the standards set by the “Preferred Reporting Items for Systematic Reviews and Meta-Analyses” (PRISMA; Moher et al., 2009; Prospero registration number: CRD42023443594), and the included literature is organized and analyzed in accordance with its requirements. Given the observed considerable heterogeneity in the methodologies and measurement methods of the included studies (please refer to the Supplementary Figures S1–S6), we are unable to conduct a meta-analysis.


2.1 Search strategy

This systematic review encompasses all literature available up to June 2023. Researchers Junyu Wu and Peng Qiu independently searched the PubMed, Web of Science (WOS), Embase, and Cochrane Library databases to find studies relevant to the topic. The search strategy was developed based on previous systematic reviews and was improved upon (Moreira et al., 2021). It is divided into the following parts: (1) dual task and its synonyms, (2) athletes and their synonyms, (3) athletic performance and its synonyms, (4) cognitive performance and its synonyms. Apart from the third and fourth components, which are joined by “OR,” the rest of the parts are interconnected by “AND,” constituting the search equation. The specific search string is as follows: “Cognitive motor” OR “dual task paradigm” OR “dual-task” OR “dual task” OR “double task” OR “multi-task” OR “divided attention” OR “secondary task” OR “second task” AND “athletes” OR “players” OR “player” OR “athlete” AND “working memory” OR “visual” OR “decision making” OR “gaze behavior” OR “attention” OR “athletic Performance” OR “athletic performances” OR “sports performance” OR “performance, sports.”



2.2 Criteria for inclusion and exclusion

This systematic review adopts the PICO principles, as espoused by the Cochrane Collaboration, to establish the criteria for document inclusion. The established criteria are as follows: (1) Participants in the study comprise athletes at any competency level, emphasizing the universality of Cognitive-Motor Dual Tasking (CMDT). (2) The study concurrently reports on athletes’ performance under both single-task (ST) and dual-task (DT) environments. (3) At a minimum, either cognitive performance or athletic performance of the athletes is reported. Exclusion criteria dictate the removal of a document under any of the following circumstances: (1) The presence of biomechanical studies investigating conditions under both ST and DT. (2) The participants are injured, cognitively impaired, or physically handicapped. (3) Dual-tasking does not involve a motor task or a cognitive task but merely constitutes the pairing of two tasks of the same type.



2.3 Data extraction

Data were extracted based on the established inclusion criteria, with the final data comprising the following elements: (1) Fundamental bibliographic details, including author names, title, and the year of publication; (2) Sample size; (3) Characteristics of the participants, including age, gender, training history, and level of skill; (4) Types of intervention strategies, encompassing acute or training interventions, duration of intervention periods, frequency, volume of training, specific intervention methods, etc.; and (5) Outcome measures, including primary outcome indicators and associated results. In cases of missing data within the literature, we reached out to the authors through email to request the missing data. We used Web Plot Digitizer software (Version 4.0; E, United States) to extract result data (mean ± standard deviation) reported only in graphic form. Two researchers independently extracted the data using tables, then merged the data. In cases of disagreement, a third researcher was consulted for a final decision.

Long-term studies are defined as those in which the intervention plan and period are clearly reported, with ST serving as the control group and CMDT as the experimental group. If there was no apparent CMDT plan and period, or if only a one-time report of ST and CMDT performances was provided, it was classified as an acute study. More accurately, acute studies only conduct transversal ST/CMDT evaluation, not training. In the incorporated acute studies, if certain participants failed to fulfill the inclusion and exclusion criteria, we confined our data extraction solely to the healthy athletes who satisfied these criteria. If in the included long-term studies multiple tests were conducted at different time points before and after the intervention, we only extracted baseline data before the intervention and immediate data after the intervention. If in the included long-term studies, multiple CMDT groups were compared with a control group (CON), we selected only the CMDT group with the lowest difficulty to minimize the impact of CMDT difficulty on intervention effects.



2.4 Risk of bias

To minimize potential biases in our result, we rigorously controlled the quality of the included literature and conducted quality assessments independently by two researchers (Junyu Wu and Peng Qiu). For the assessment, we adopted a modified version of the Quality Index Scale (Downs and Black, 1998), which reduced the number of evaluation questions from the original 24 to 14. This modified scale has been recently utilized and widely applied in similar studies within the field of sports (Bujalance-Moreno et al., 2019). The key dimensions assessed by the scale include: (1) clarity of the objectives, (2) clarity of the description of the primary outcomes to be measured, (3) clarity of the description of participant characteristics, (4) clarity of the description of the primary results, (5) presence of random variability estimation in the primary results, (6) clarity in the reporting of specific p-values associated with the primary results, (7) representativeness of the selected participants, (8) implementation of blinding, (9) clarity in describing data mining if utilized for primary data, (10) accuracy of the outcome measures for the primary results, (11) appropriateness of statistical tests employed for the primary results, (12) allocation of subjects (experimental design, case–control, or cohort study), (13) random assignment of subjects to intervention groups, and (14) adjustment for confounding factors in the analysis of the main conclusions. Each question is typically answered in a “Yes/No” format, where each “Yes” response earns one point and a “No” response scores zero, thereby enabling the scoring of the overall quality of the study. The findings from the assessment of risk bias are detailed in Tables 1, 2.



TABLE 1 Literature quality assessment of acute effects studies.
[image: A table showing item codes, responses, and final scores for ten studies, each identified by authors and year. Columns list specific items numbered 1, 2, 3, 6, 7, 10, 12, 15, 16, 18, 20, 22, 23, and 25. Rows contain binary responses: "1", "0", and "U" (unclear), with a final score ranging from 0.75 to 0.92. Detailed item descriptions in footnotes explain each item's purpose related to study clarity, methodology, and reliability.]



TABLE 2 Literature quality assessment of chronic effects studies.
[image: A table displaying study evaluations with item codes 1, 2, 3, 6, 7, 10, 12, 15, 16, 18, 20, 22, 23, and 25. Seven studies are listed with names and publication years. Each cell contains either "1" or "U" to indicate evaluation criteria. The final score for each study ranges from 0.83 to 0.92. Item descriptions are detailed below the table.]




3 Results

Figure 1 illustrates the flowchart detailing the literature retrieval process. As Figure 1 indicates, our search through the aforementioned four databases yielded 2,094 articles. Duplicate entries were eliminated using Endnote 9.1X, leaving a total of 1,833 articles. An initial screening, predicated on the examination of titles and abstracts, pinpointed documents that satisfied the inclusion and exclusion criteria, leading to the selection of 96 articles that necessitated a detailed review. Ultimately, 28 studies were incorporated into the review, with 21 studies examining the acute effects of ST and DT, and 7 studies evaluating long-term effects. Two independent researchers (Junyu Wu and Peng Qiu), conducted each step of the process. In instances of disagreement, a third researcher (Youqiang Li), jointly adjudicated on the inclusion of the document.

[image: Flowchart depicting a systematic review process. From 2,094 records identified through database searching and 1 additional from other sources, 1,833 records remain after duplicates are removed. After reviewing abstracts and titles, 96 records are kept. Seventy-nine full-text articles are excluded, with reasons including unavailable outcomes, participants, or other reasons. Seventeen studies are included in qualitative syntheses, comprising 10 acute studies and 7 chronic studies. These involve a total of 615 participants, with 370 in acute studies and 245 in chronic studies.]

FIGURE 1
 Flow chart of literature search steps.


Tables 1, 2 present the quality assessment results of the acute and chronic studies, respectively. According to Table 1, the highest quality score among the acute studies was 1, and the lowest was 0.75. According to Table 2, the highest quality score among the chronic studies was 0.92, and the lowest was 0.83. These result indicates that the articles included in our study demonstrate a moderate to high level of quality.

Table 3 shows the cognitive-motor performance of subjects during the transversal ST and CMDT evaluation in each acute study (total 10 articles). The primary objectives of these studies can be categorized as follows: (1) To simulate a match or a critical part of a match (with a much higher cognitive load) using the CMDT in order to assess athletes’ mastery of motor skills in this complex scenario. (2) Investigating the performance differences between high-level and low-level athletes in ST and CMDT situations, thereby demonstrating the superior sensitivity of CMDT acute assessments over ST. These two types of studies usually involve creating a situation highly similar to a particular sport, where athletes complete a primary sport-related task (such as tennis, volleyball, football, table tennis, soccer, fencing, etc.) while simultaneously undertaking a cognitive task (primarily auditory, visual, memory, or arithmetic tasks). Except for one sub-group in one study that reported superior DT performance under CMDT conditions compared to ST (the study of Amico and Schaefer, 2022 where high-level tennis players achieved a higher number of hits under DT conditions compared to ST), all acute studies reported superior performance under ST than DT, regardless of whether it is cognitive or motor performance.



TABLE 3 Effects of acute CMDT on athletes’ cognitive-motor performance.
[image: A table comparing various studies. Columns include references, participant details, age, level, task type (single-task or dual-task), major outcomes, results, and the p-value. Tasks range from sports-specific activities like tennis returns and rugby situations to technical tasks like juggling and anticipation tests. Results highlight performance differences between single-tasks and dual-tasks. Statistical significance is noted with p-values, indicating whether results were significant (p < 0.05) or not. The table provides a concise summary of the statistical values related to task types, with a recommendation to refer to the original texts for details.]

Table 4 presents the basic information of the long-term studies included in this review. This systematic review incorporated seven long-term studies related to the impact of ST and CMDT on the cognitive-motor performance of athletes. The purpose of all long-term studies was to improve the adaptability of athletes to CMDT, with the aim of enhancing the transfer effect of general cognitive ability or specific athletic ability, thereby improving the cognitive-motor performance of athletes. Generally speaking, all included studies reported a significant improvement in most indicators of cognitive-motor performance in athletes after CMDT training intervention, with only a few indicators showing no statistical difference in improvement compared to ST training.



TABLE 4 Effects of chronic CMDT on athletes’ cognitive-motor performance.
[image: Table summarizing research studies on dual-task training across various sports. It includes participants, age, level, task type, major outcomes, results, and p-values. Studies span soccer, rugby, basketball, badminton, and volleyball. Results indicate comparisons between single-task and dual-task performance, with p-values showing statistical significance in outcomes such as cognitive errors, task performance, and reaction times.]

The seven studies were individually focused on various sports (football, rugby, basketball, badminton, beach volleyball), and as a result, the athletic tasks were formulated to reflect the particular skills demanded by each of these sports. In six out of the seven studies, cognitive tasks involved visual response tasks or 3D multi-target tracking tasks, and only one study implemented the task through auditory stimulation. Given the different demands for CMDT by different sports, coupled with significant variances in specific athletic tasks, considerable heterogeneity exists in the design of intervention methods in different studies. The methods for measuring outcome indicators also varied. In the arrangement of training plans, differences are present in key variables such as intervention duration, frequency, among different studies (including one study that did not report the duration of single interventions and weekly training frequency). Within the six long-term studies detailing the duration of individual interventions, the length of single training sessions fluctuated between 22 and 90 min. The predominant training frequency was set at twice a week, and the intervention periods extended from 5 to 10 weeks.



4 Discussion

This systematic review amalgamates and analyzes relevant literature, revealing that that athletes typically experience a degradation in performance under CMDT compared to ST when assessed transversally. However, the implementation of long-term CMDT has been observed to augment cognitive-motor performance in athletes. Within the body of literature investigated in this review, acute CMDT studies are primarily employed to evaluate athletes’ tactical skill levels. Conversely, long-term CMDT is treated as a supplementary training modality designed to induce positive adaptation in athletes through sustained stimuli, thereby bolstering cognitive-motor performance in specified contexts. These findings substantiate the long-term advantages of CMDT in the domain of athletic training. Based on the existing body of evidence, CMDT emerges as a potent adjunct training tool within the sphere of sports training, poised to enhance the cognitive-motor performance in athletes engaged in cognitively demanding sports. Additionally, these insights lay the groundwork for sports training professionals, including coaches and athletes, to acquire a more nuanced comprehension of the time-related dynamics and evolutionary trends in CMDT training. This knowledge will empower them to craft or refine training regimens to optimize athletes’ performance.

Our findings are consistent with those of previous studies, which concluded that transversal CMDT evaluation typically lead to a sharp decline in athletes’ performance compared to ST (Moreira et al., 2021). However, as the athlete gradually acclimatizes to this unique stimulus, sustained exposure to CMDT ultimately leads to an improvement in their cognitive-motor performance. This abrupt reduction in performance in response to an acute CMDT can be accounted for by the cognitive load theory (Baumeister, 1984; Fuster et al., 2021). According to this theory, an individual’s working memory capacity is finite. In this context, type 2 processing refers to slow, deliberate, and effortful cognitive activities, which are more resource-intensive and can only manage a limited amount of information within a specified period (Furley et al., 2015). In a CMDT scenario, when an ancillary task abruptly elevates the cognitive load, a “choking” effect ensues, ultimately resulting in a sharp decline in performance (Baumeister, 1984; Moher et al., 2009). This performance drop appears to be closely tied to the level of the athlete’s training and the complexity of the CMDT. For example, studies have shown that athletes of higher competence deliver superior performance under CMDT conditions (Gabbett and Abernethy, 2012; Schaefer and Scornaienchi, 2020; Amico and Schaefer, 2022). Interestingly, in Amico et al.’s study, elite tennis players even hit the ball more in the DT than in the ST situation (Amico and Schaefer, 2022). According to DT effect model as described by Plummer et al. (2014), the exceptional performance observed in Amico 2022’s study under CMDT conditions may be indicative of the elite athletes’ ability to optimize task management and resource allocation, resulting in enhanced performance. Notably, Gabbett et al. (2011) even used a specialized CMDT test in rugby as a tool to assess the technical level of national-grade rugby athletes. While earlier studies suggested that athletes with a wealth of professional experience, attributed to their superior working memory capacity, can excel under CMDT conditions, recent studies indicate that a superior working memory capacity does not invariably lead to improved DT performance (Laurin and Finez, 2020). Although a majority of studies confirm the importance of working memory capacity in enhancing DT performance (Baumeister, 1984; Furley et al., 2015; Moreira et al., 2021), additional studies are necessary to unravel this intricate mechanism. Further, there is a discernible correlation between the complexity of CMDT and performance (Gabbett et al., 2011; Gabbett and Abernethy, 2012). In an assessment of this correlation, (Gabbett et al., 2011) compared the CMDT performance of national-level rugby players under 2 vs. 1, 3 vs. 2, and 4 vs. 3 passing scenarios, revealing a decline in performance as the offense-defense scenarios grew increasingly complex. Importantly, their series of studies have found that, under real match conditions, the frequency of utilizing these techniques in 2 vs. 1, 3 vs. 2, and 4 vs. 3 scenarios progressively decreases. Due to a high turnovers rate, athletes barely employ this technique in 4 vs. 3 situations.

In actual sports competitions, the influence of acute Cognitive-Motor Dual-Task (CMDT) on the cognitive-motor performance of athletes is more intricate than initially apparent. It is not only subject to interference from the surge in cognitive load under DT conditions, but the physiological load on the athletes also impacts their performance (Schapschröer et al., 2016). As athletes grow increasingly fatigued, their cognitive function correspondingly declines, leading to a rise in decision-response time and error rate (Schapschröer et al., 2016). Conversely, when the cognitive load on an athlete surges, type 2 processing allocates more working memory to the cognitive task. The scattered attention subsequently results in a significant drop in the execution efficiency of the motor task, culminating in an overall performance decline (Baumeister, 1984). Given that the cognitive-motor performance of athletes on the field is influenced by the interplay of physiological load and cognitive load, we posit that it is necessary to introduce CMDT as a supplementary training regimen in sports that demand high cognitive loads, such as team ball games. This strategy will help athletes better manage the intricacies of performing simultaneous cognitive and motor tasks during competition, potentially leading to improved performance. Furthermore, an athlete’s capability to swiftly and accurately interpret the dynamic elements of the game (Piras et al., 2014; Roca et al., 2018; Li et al., 2023), such as displacement direction and velocity of teammates, opponents, and objects like the ball, is pivotal. Rapidly adapting to these ever-changing spatial and temporal factors is a critical aspect of cognitive-motor coordination (Li et al., 2023). In team ball sports, for example, players must not only be cognizant of the present positions of others but also adept at predicting and responding to their potential trajectories and speeds. This heightened spatial–temporal awareness is essential for making strategic decisions and executing precise physical actions (Voyer and Jansen, 2017). Consequently, incorporating training elements in CMDT that emphasize skill development in perceiving and responding to these dynamic displacements is vital for optimizing cognitive and motor task performance.

While previous studies have supported the potential benefits of long-term DT training for athletes, the systematic review of Moreira et al. (2021) did not specifically discuss the application of CMDT in the field of sports training. Considering the cognitive-motor demands and the interaction between physiological and cognitive loads in athletes’ real-life competitive scenarios, we excluded all DT studies that focused on a single cognitive or motor task. The results remained consistent. However, among all the included long-term studies, only few studies quantified athletes’ cognitive load and physiological load, and none of the studies objectively quantified physiological load using specific metrics. This lack of quantification of physiological load poses challenges in explaining the long-term effects of CMDT. Subsequent research should include pertinent measures to gauge load, enhancing the understanding of the sustained effects of CMDT.

Currently, the underlying mechanisms through which CMDT enhances cognitive-motor performance in athletes remain unclear. Prior research indicates that DT training enhances the evolution of perceptual-cognitive strategies by augmenting attentional distribution and aiding in the discernment of crucial details relevant to the task (Bherer et al., 2008). For instance, Ducrocq et al. (2017) found that DT training significantly increased the duration of fixations, thereby providing more informative cues for tactical analysis and decision-making. Additionally, the Allocation and Scheduling Hypothesis (Strobach, 2020), as a classical theory explaining the long-term training effects of CMDT, offers another perspective on athletes’ performance improvements following CMDT training. This hypothesis posits that CMDT training enhances the allocation and scheduling of cognitive resources in integrated tasks, thereby enhancing CMDT performance. For example, Fleddermann and Zentgraf (2018) observed improvements in sustained attention and processing speed, contributing to enhanced CMDT performance. Furthermore, recent studies by Lucia et al. (2021, 2023), utilizing event-related potentials in a series of investigations involving semi-professional adolescent basketball players, suggest that the potential mechanisms underlying the long-term effects of CMDT may involve enhanced anticipatory brain processing capabilities in the prefrontal cortex along with increased post-perceptual activity associated with decision-making. They propose that CMDT can modulate cognitive functioning through neuroplasticity processes in the brain to achieve specific sport-related goals (Lucia et al., 2021).

Although this systematic review provides new insights into the application of CMDT in sports training, it has several limitations. Firstly, the systematic review included studies that generally lacked detailed descriptions of key training variables. For instance, intensity, inter-set rest periods, cognitive load, and physiological load were often inadequately reported. Even when some studies described athletes’ physiological and cognitive loads, the measurement methods were often subjective, lacking objective indicators. This makes it difficult to discern the relationship between load and adaptation while also reducing the practical applicability of research findings in real-world settings. Secondly, the majority of studies, especially those investigating acute effects, tended to be conducted in laboratory settings, which presents a challenge in simulating game elements as closely as possible. To promote the widespread adoption of CMDT training methods in sports, future studies should aim to conduct studies in sports-specific environments. Previous studies have suggested that conducting small-sided games or game simulations on sports fields helps replicate real tactical and technical situations (Davids et al., 2013), which would be more meaningful in the context of sports training. Lastly, the notable variation in participant characteristics, such as age, gender, and sports proficiency, combined with diverse methodological approaches in the field, has presented challenges in synthesizing research findings. To address this issue, future studies should focus on minimizing these differences by adopting more uniform and standardized methods in Cognitive-Motor Dual-Task (CMDT) training research.

In summary, future CMDT experimental research aiming to enhance athletes’ cognitive-motor performance should be conducted as much as possible in real sports settings, with an emphasis on detailed reporting of key training variables to better facilitate optimal cognitive-motor performance in athletes.



5 Conclusion

This systematic review posits that athletes generally exhibit a decline in cognitive-motor performance when assessed transversally CMDT, as compared to ST. However, in contrast to ST training, athletes demonstrate a more pronounced improvement in cognitive-motor performance following prolonged CMDT training. Our study provides new insights into the application of CMDT in the field of sports training. Practitioners can utilize CMDT to assess athletic skill levels or optimize cognitive-motor performance of athletes, taking into account the specific needs of each sport.
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Introduction: Table tennis players perform visually guided visuomotor responses countlessly. The exposure of the visual system to frequent and long-term motion stimulation has been known to improve perceptual motion detection and discrimination abilities as a learning effect specific to that stimulus, so may also improve visuo-oculomotor performance. We hypothesized and verified that table tennis players have good spatial accuracy of saccades to moving targets.



Methods: University table tennis players (TT group) and control participants with no striking-sports experience (Control group) wore a virtual reality headset and performed two ball-tracking tasks to track moving and stationary targets in virtual reality. The ball moved from a predetermined position on the opponent's court toward the participant's court. A total of 54 conditions were examined for the moving targets in combinations of three ball trajectories (familiar parabolic, unfamiliar descent, and unfamiliar horizontal), three courses (left, right, and center), and six speeds.



Results and discussion: All participants primarily used catch-up saccades to track the moving ball. The TT group had lower mean and inter-trial variability in saccade endpoint error compared to the Control group, showing higher spatial accuracy and precision, respectively. It suggests their improvement of the ability to analyze the direction and speed of the ball's movement and predict its trajectory and future destination. The superiority of the spatial accuracy in the TT group was seen in both the right and the left courses for all trajectories but that of precision was for familiar parabolic only. The trajectory dependence of improved saccade precision in the TT group implies the possibility that the motion vision system is trained by the visual stimuli frequently encountered in table tennis. There was no difference between the two groups in the onset time or spatial accuracy of saccades for stationary targets appearing at various positions on the ping-pong table.



Conclusion: Table tennis players can obtain high performance (spatial accuracy and precision) of saccades to track moving targets as a result of motion vision ability improved through a vast amount of visual and visuo-ocular experience in their play.
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1 Introduction

In ball sports, such as table tennis and baseball, physical actions, such as ball hitting, are executed and adjusted according to the visual information of the ball moving in three-dimensional space. The motor control based on this information is referred to as visuomotor control. Visuomotor performance is determined by the quality and quantity of the visual motion information, which greatly depends not only on the visual system that processes the visual information but also on the gaze control system that acquires the information. Accordingly, research has investigated whether eye movements used by athletes are superior to those of non-athletes.

The way ballgame players move their eyes to collect information during play is referred to as “gaze behavior”, to which head and eye movements contribute (1–4). Various gaze behaviors are performed depending on each ball sport, but basically, they consist of a combination of two representative eye movements: saccade and smooth pursuit (5). Smooth pursuit eye movement enables tracking a moving target smoothly and continuously but has the limitation of the eye movement velocity, where continuous ocular tracking becomes difficult if the target speed exceeds 60 to 70 deg/s. To compensate, the gaze is directed by saccades from the current gaze position to the future target position (3).

In table tennis, eye movement plays a greater role than head movement in gaze behavior when directing the eye toward the ball (4). Furthermore, saccades track the ball since the speed of a ping-pong ball often exceeds the threshold of smooth pursuit (6, 7). When table tennis players track a ball coming toward them, players gaze at the opponent's racket striking the ball and direct their gaze to the ball after the strike (catch-up saccades) (6). Based on the information obtained there, players predict where the ball will land and shift their gaze there before the ball arrives (predictive saccade) (8). Therefore, the spatial accuracy of the saccade determines the quality of the ball motion information, which in turn affects the aiming performance of the racket (6, 8). Thus, better saccade ability is expected to be associated with better play.

Several studies have compared saccade ability between various ball athletes including table tennis and non-athletes, showing that athletes have shorter saccade latency (time from stimulus presentation to saccade onset) than non-athletes (9–11). On the other hand, other studies (12, 13) did not find a difference in saccade latency between such groups. These studies included different types of sports athletes and different measurement conditions, so the cause of the discrepancy in results is unclear. Since almost all studies used stationary stimuli, it is possible that the ball players' potential saccadic abilities were not brought out. Additionally, spatial accuracy (14), which is extremely important for ball players' saccadic performance, has rarely been measured. To clarify this point, saccadic ability not only for stationary targets but also for moving targets should be evaluated at least, and in addition to the saccade onset time, the speed and spatial error at the endpoint, etc., should be comprehensively investigated.

When the visual system is exposed to a specific visual stimulus for a long time or frequently, its detection sensitivity to the exposed stimulus improves through plastic changes called perceptual learning (15). For example, prolonged motion stimulation has been reported to improve perceptual motion detection and discrimination abilities specifically in the stimulated motion direction (16–19). Therefore, ball athletes may have an improved ability to analyze the motion of moving targets they often see during play and to predict their trajectories and future destinations. If so, this may also contribute to the improved spatial accuracy of body movements. Since ball athletes track the ball to obtain accurate information during play, investigating their ball-tracking ability is effective as a powerful probe to derive the visual improvement effect and the influence on physical movement. We focused on table tennis, which provides an overwhelming amount of visual motion stimuli compared to other sports, and the balls are tracked mainly by saccades. The potential advantage of saccadic ability in table tennis players may be revealed by using a ball that moves in the depth direction as seen in normal table tennis scenes.

Therefore, we hypothesized that table tennis players will be better able to analyze the motions of moving targets they frequently see during play and predict their trajectories and future destinations accurately, improving the spatial accuracy of saccades that capture moving targets. This study aimed to verify this hypothesis by comparing the saccade ability between table tennis players and non-athlete controls from the perspective of differences in saccade targets, i.e., moving vs. stationary balls and familiar vs. unfamiliar trajectories for moving balls. We assumed that table tennis players would show a superior saccade ability for moving targets over static targets, and for moving targets, for balls with familiar trajectories over unfamiliar trajectories.

In real table tennis, even if a table tennis expert throws out a ball, it is impossible to repeatedly release the ball under exactly the same conditions (trajectory, speed, and direction). We also needed to generate the motion of a real ping-pong ball and the motion of an unfamiliar ball trajectory at different speeds to assess whether there is a visual experience-dependent visual function improvement effect. In addition, ball tracking without a fixed head in a standing position is not suitable for the purposes of this study. This is because the movement of the head also contributes to the movement of the gaze in no small way and the movement of the head accompanying the disturbance of posture directly causes movement of the eyes. Therefore, we used virtual reality (VR) technology to accurately reproduce the trajectory of a ball in a situation close to an actual table tennis scene and measured the gaze movement due to eye movement by fixing the head.



2 Materials and methods


2.1 Experiment 1: moving ball-tracking task


2.1.1 Participants

Healthy university students who had a history of playing table tennis for three years or more (six male and four female, age: 21.0 ± 1.18 years old) and university students who had no history of playing table tennis or other ball-hitting sports (five male and five female, age: 23.6 ± 3.74 years old) participated in the experiment as the table tennis player (TT) group and control group (Control), respectively. All participants underwent a visual acuity test using a Landolt ring, and all had confirmed binocular or corrected visual acuity of 1.0 deg or better. This study was approved by the Osaka University Human Ethics Committee (16,207) and complied with the standards set by the latest revision of the Declaration of Helsinki, except for registration in the database, and each participant provided written informed consent.



2.1.2 Apparatus

The VR environment was designed on a computer containing an Intel Core i7–7,700 K, 4.2 GHz Processor, and Nvidia Geforce GTX 1080ti graphic card. Its output was connected to the VIVE Pro Eye headset (HTC Corporation, New Taipei City, Taiwan) via a link box (Figure 1A). The head-mounted display (HMD) can provide a resolution of 1,440 × 1,600 pixels (615 PPI) per eye with a refresh rate of 90 Hz and a field of view of 110 deg. The eye tracker built into the VR headset records the ocular movement at 90 Hz with an accuracy of 0.5–1.1 deg (20), and the measured data were stored in the computer storage. The center position of the spherical coordinate for VR was calibrated for each experiment as a room setup using pre-installed software. The gaze position in VR space was calibrated before each experiment using eye-tracking software.


[image: A person wearing a virtual reality headset is seated with their hands on a table, shown in panel A. Panel B displays a VR simulation of a ping pong table with a ball in motion. Panels C, D, and E illustrate different ping pong ball trajectories in side view diagrams, with silhouettes of a head, suggesting the user's perspective in each scenario.]
FIGURE 1
Schematic of the experimental setup and experimental conditions. (A) A participant performing a task with his head fixed. (B) Image actually seen by participants. (C–E) Ball trajectories under parabolic (C), horizontal (D), and descent (E) motion conditions.




2.1.3 Visual stimulus

A visual stimulus was created in the VR space using the free software Unity. In the VR space (Figure 1B), a table tennis table (depth × width × height from the ground = 2.76 m × 1.575 m × 0.76 m) was set in front of each participant. The distance between the participants and the front end of the table tennis table was one meter. A black wall was set one meter further away from the far end of the table tennis table.



2.1.4 Task and procedure

In an actual table tennis scene, a saccade is induced immediately after the opponent hits the ball (8). Therefore, the ball-tracking task asked participants to follow with a gaze as much as possible the ball moving from a starting point 30 cm above the far edge of the table tennis table toward the front side. In the task, three types of ball trajectories (parabolic, horizontal, and descent), three types of courses (left, middle, and right), and six speeds were combined to make 54 test conditions.

A parabolic ball motion condition was set as the “familiar ball trajectory” most frequently experienced by table tennis players. The parabolic motion was reproduced according to the data obtained by tracking and recording the movement of the ball, which was fired from a ball-injecting robot consisting of three rotating rotors onto the real table tennis table in the real world (Figure 1C). Next, we set a horizontal motion condition as an unfamiliar trajectory that moves in the horizontal direction with uniform linear motion; this motion does not occur in real table tennis. Under this condition, the ball keeps moving at the same height (30 cm) parallel to the table tennis table (Figure 1D). Finally, the condition for the ball to descend in a uniform linear motion was set as the descent motion condition (similar to a smash but as an unfamiliar trajectory). Here, the ball descends diagonally and linearly toward the points on the table surface which correspond to the bounce points in the parabolic motion condition (Figure 1E). The ball speed range was determined according to the average ball velocity during a rally in an actual table tennis scene (21), and we set the reference speed to be 6.0 m/s. At the reference speed, the arrival time of the ball from the start position to the end position was 0.33 s in the horizontal motion condition. The six-speed conditions (1.2, 2.4, 3.6, 4.8, 6.0, 7.2 m/s) were determined by multiplying the reference speed by the constants 0.2, 0.4, 0.6, 0.8, 1.0, and 1.2, respectively.

The participants sat on a chair with the HMD attached, and their heads were fixed on the chin stand. For this task, the ball was presented at the predetermined starting point on the HMD, started moving 3 s after the ball appearance, and then disappeared just after pausing at the endpoint of each course. The participants were instructed to keep their gaze on the ball presented as accurately as possible and to track it as the ball started to move. The period from the appearance of the ball to its disappearance was regarded as one trial. At the same time as the ball disappeared, a new ball was presented at the start position, and the next trial began with the same sequence. For each trial, the ball's trajectory, course, and velocity conditions were all randomly determined. One set consisted of 10 trials (10 balls), and one block consisted of six sets. The participants were able to rest for about 15 s between task sets. It took about 10 min to complete one block of tasks. To avoid fatigue, a 3-minute rest was provided between the blocks, and a total of six blocks were performed per day (360 balls in total) for 3 days. Participants were verbally asked whether they felt fatigued between blocks and asked if they needed to discontinue the experiment due to fatigue. As a result, no participants asked to cancel or postpone the experiment due to fatigue. Participants observed a total of 1,080 virtual balls, in which 20 trials per condition were conducted. A calibration of the gaze position measurement was performed between sets. The number of practice sessions for the ball-tracking task in Experiment 1 was six sets and was conducted on the first day of the 3-day experiment.



2.1.5 Data analysis

The ball position, eyeball position, and gaze direction in all trials were recorded as coordinate positions and unit vectors. Using the data obtained from the right and left eyes, we analyzed the ball tracking accuracy. Comparisons between groups were made using the average of the right-eye data and left-eye data for each saccade parameter (occurrence rate, onset time, velocity, and endpoint error).


2.1.5.1 Evaluation of ball position and gaze direction

The ball position and gaze direction during the task were determined by calculating the relative angle from a reference vector. The reference vector (horizontal vector) was defined as a vector extending straight and horizontally forward from the center of the eyeball, assuming the situation that the participant was looking straight into the distance without controlling their extraocular muscles. The position data of the ball and gaze were measured separately into horizontal and vertical components and were integrated into a synthetic vector on spherical coordinates with the origin at the center of the eyeball. We defined the gaze direction (G vector in Figure 2A) as the angle θ₁ formed by the gaze direction vector and the reference vector. Similarly, the ball direction (EB vector in Figure 2B) was defined as the angle θ₂ formed between the vector extending from the eyeball to the ball and the reference vector.


[image: Diagram showing four panels labeled A, B, C, and D, illustrating geometric vectors. Each panel depicts different orientations of H, G, and EB vectors, with angles θ1 and θ2 marked. Different colored arcs represent vector directions and their relationships with circular objects.]
FIGURE 2
Schematic of the analysis of the ball position and gaze direction. (A) Gaze direction. The vector extending straight from the eyeball center perpendicular to the frontal plane was defined as the H vector, and the vector in the direction of the gaze as the G vector. The gaze direction was defined as the angle θ₁ between the G vector and H vector. (B) Ball position. The vector from the eyeball center to the ball center was defined as the EB vector, and the ball position was determined as the angle θ₂ between the EB vector and H vector. (C) Gaze errors. Angle θ3 between the G vector and EB vector was defined as the gaze error.




2.1.5.2 Evaluation of gaze direction with respect to the ball

To quantitatively evaluate how accurately the gaze was directed at the ball, angle θ3 formed by the eye-ball vector and the gaze direction vector was regarded as the spatial accuracy of the gaze direction (Figure 2C).



2.1.5.3 Detection and evaluation of saccadic eye movement

The rotation speed of the eye movement was obtained by differentiating θ₁, and the time when the speed of θ₁ became 30 deg/s or more was defined as the saccade onset time. However, if the amplitude of θ₁ was 2 deg or less or the duration was 20 ms or less, it was excluded from the saccade (22). The time when the speed of θ₁ became 30 deg/s or less was defined as the saccade offset time. Angle θ₃ at the end of the saccade was called the saccade endpoint error and was used as an index of the spatial accuracy of the saccade. The smaller the saccade endpoint error, the more accurate the saccadic movement to the ball. Saccade precision (consistency and reproducibility of movements across trials) was calculated as the variation coefficient of the saccade endpoint error.



2.1.5.4 Detection and evaluation of smooth pursuit eye movement

In addition to saccades, participants can follow the ball with smooth pursuit eye movements. Therefore, in trials in which no saccade was observed, eye movements that captured the target within a radius of 2.5 deg of the fovea for more than 90% of the total trial time were defined as smooth pursuit eye movements.



2.1.5.5 Statistical analysis

The occurrence rate, onset time, speed, and saccade endpoint error were statistically analyzed by a two-way ANOVA with the sports group (TT and Control) and ball velocity (0.2, 0.4, 0.6, 0.8, 1, 1.2) as factors. If the interaction was significant, a post hoc test was performed for each speed condition using Bonferroni's multiple comparisons. Friedman's test was used to compare the variation coefficient of saccade endpoint error between the two groups. The level of significance for all the analyses was less than 5%. All data are expressed as the mean ± standard error.





2.2 Experiment 2: stationary ball-tracking task


2.2.1 Participants

Healthy university students with more than 3 years of table tennis experience (nine male, one female, age: 20.7 ± 2.00 years old) and those who had no history of ball-hitting sports such as table tennis (eight male, two female, age: 21.4 ± 3.10 years old) participated in the experiment as the table tennis player group and control group, respectively. All participants had binocular or corrected visual acuity of 1.0 deg or better. This study was approved by the Osaka University Human Ethics Committee (16,207) and conformed to the standards set by the latest revision of the Declaration of Helsinki, except for registration in the database, and each participant provided written informed consent.



2.2.2 Apparatus and visual stimulus

The experimental apparatus used in this experiment was the same as in Experiment 1. The visual stimulus was also presented in a VR space with a table tennis table and walls as in Experiment 1.



2.2.3 Ball-tracking task

The participants were asked to direct their gaze at a ball appearing at a random position on the table tennis table.



2.2.4 Task procedures

As in Experiment 1, the participants sat on a chair with a HMD and fixed their heads on the chinrest and were instructed to direct their gaze to the ball. In the task, a stationary ball was presented at a random position about 30 cm above the table tennis table. The ball disappeared after being presented for 3 s, and at the same time, the next ball was presented at a random position. One set consisted of 10 repetitions of ball presentation, and one practice set and three test sets were performed. The number of practice sessions for the ball-tracking task in Experiment 2 was one set and was conducted.



2.2.5 Data analysis

As in Experiment 1, angle θ3 formed by the ER vector and the G vector after the saccade was regarded as the spatial accuracy of the saccade. Data from the right and left eyes were used for the analysis. Comparisons between groups were made using the average of the right-eye data and left-eye data for each index.



2.2.6 Statistical analysis

The saccade error was compared between the table tennis player group and the control group using a one-way ANOVA. The significance level was set to less than 5% for all data. All data are shown as the mean ± standard error.





3 Results


3.1 Experiment 1

In this study, we validated the working hypothesis that table tennis players have superior gaze-tracking ability for a moving visual target by comparing ball-tracking task performance between the TT group and the Control group. Figure 3 presents typical examples of temporal changes in gaze direction and ball position during a trial of the ball-tracking task at a speed of 0.8 for one participant from each group. The TT and Control groups primarily used saccadic eye movements to track the moving ball. The first saccade occurred approximately 300 ms after the ball started to move, directed the gaze to reach the ongoing target (catch-up saccade), and multiple saccades occurred thereafter. Since the start position of the second and subsequent saccades differed depending on the end position of the previous saccade, it was difficult to analyze the spatiotemporal parameters of all other saccades on the same basis. Hence, we analyzed the catch-up saccade observed first in trials when multiple saccades occurred during a trial in this study.


[image: Six graphs labeled A to F compare TT and Control groups over time in seconds, depicting angles θ1 in red and θ2 in black. Each graph shows onset and offset points marked with green and blue crosses. Descriptors are parabolic, horizontal, and descent.]
FIGURE 3
Typical examples of temporal changes in the gaze direction and ball position in a trial from a participant for each group. (A) Parabolic motion condition. (B) Horizontal motion condition. (C) Descent motion condition. Redline (θ₁): gaze direction; green and blue cross marks: onset and offset times of the saccade, respectively; blackline (θ2): ball position; black vertical line: the end of the trial when the ball reached 10 cm from the front edge of the table; pale blue vertical line: time for the ball to contact the table.



3.1.1 Saccade occurrence rate and smooth pursuit occurrence rate

We investigated the saccade occurrence rate which is defined as the ratio of trials in which at least one saccade occurred to the total number of trials. Figure 4 shows the average saccade occurrence rate of all participants for each group plotted against ball speed. The saccade occurrence rate was analyzed against the ball speed for each trajectory and course (Figure 4). A two-way ANOVA showed that the main effect of ball speed was significant for all trajectories and courses (p < 0.01), but that of the group differed depending on the ball trajectory and course. The main effect between groups was significant for the left course of the parabolic motion condition and for the left and center courses of the horizontal motion conditions (left in parabolic: p < 0.05; left in horizontal: p < 0.01; center in horizontal: p < 0.01) but not for the other conditions (center in parabolic: p = 0.20; right in parabolic: p = 0.58; right in horizontal: p = 0.14; left in descent: p = 0.10; center in descent: p = 0.30; right in descent: p = 0.70). A significant interaction was observed for the left course of the parabolic motion condition (p < 0.05) and the left course of the horizontal motion condition (p < 0.01) but not for the other conditions (center in parabolic: p = 0.93; right in parabolic: p = 0.89; center in horizontal: p = 0.29; right in horizontal: p = 0.29; left in descent: p = 0.20; center in descent: p = 0.36; right in descent: p = 0.86). The post-hoc tests in conditions where the interaction was significant showed that the TT group was significantly higher than the Control group at a speed of 1.2 (p < 0.05) in the left course of the horizontal motion condition and there was no significant difference in the parabolic motion condition at any ball speed including a speed of 1.2 (p = 0.18). In the descent motion condition, no significant between-group differences were observed in any course, and no interactions were observed. Thus, the saccade occurrence was found to depend on the ball speed, the course, and the trajectory conditions. In the central course of the horizontal motion condition, the ball moved straight toward the participant's head. Therefore, the eye movement speed required to track the ball was less than 15 deg/s in this condition, although it was more than 20 to 40 deg/s in other conditions. For this reason, the saccade occurrence rate was extremely low compared to other conditions and was detected as an outlier from other conditions by the Smirnov–Grubbs test. Therefore, the central course of the horizontal motion condition was excluded from the following saccade-related analyses in this study.


[image: Nine line graphs display the occurrence rate of eye movements categorized as parabolic, horizontal, and descent for left, center, and right movements at various ball speeds. The graphs compare saccadic (red for TT and black for Control) and smooth pursuit (blue for TT and yellow for Control) types. The x-axis denotes ball speed, and the y-axis shows occurrence rate in percentage. TT lines are solid, Control lines are dotted, with statistical significance indicated by symbols.]
FIGURE 4
Occurrence rate of saccadic and smooth pursuit eye movements. The rows represent the trajectory of the ball: (from top) parabolic motion (A–C), horizontal motion (D–F), and descent motion (G–I). The columns represent the course of the ball: (from left) left (A,D,G), center (B,E,H), and right (C,F,I) courses. Vertical lines with symbols indicate statistical significance between groups. The red and blue circles indicate the TT group and the black and orange squares indicate the Control group. Statistically significant differences in the comparison between the TT and Control groups were observed only for saccades and not for smooth pursuits. **p < 0.01 TT vs. Control, †p < 0.05 Interaction, ††p < 0.01 Interaction. #p < 0.05 TT vs. Control; post-hoc test.


Since course-dependent differences between groups were observed under the parabolic and horizontal motion conditions only, we compared the saccade occurrence rates for each group between the right and left courses (Figure 5). We found that for the TT group, the saccade occurrence rate was significantly higher on the left course than on the right course in all trajectories (p < 0.01), but no interaction with speed was observed. In the Control group, no main effect was observed between the right and left courses, but an interaction was observed for all trajectories (parabolic and horizontal: p < 0.01; descent: p < 0.05). At the speed of 1.2 in the parabolic motion, the saccade occurrence rate on the left course was significantly lower than on the right course (p < 0.05). Thus, the saccade occurrence rate differed depending on the left and right direction of saccades even within the same group, and the left-right difference also differed depending on whether or not the participants had table tennis experience.


[image: Line graphs labeled A-F compare saccade occurrence rates (%) versus ball speed for TT and Control groups under parabolic, horizontal, and descent conditions. Blue and orange lines represent right and left courses. Saccade rates are generally higher as ball speed increases. Notable differences are seen in panels A, C, and E for the TT group, indicating significant results (**), and in panel B with a specific notation (#) for the Control group. Legends provide clarity on lines, indicating different courses.]
FIGURE 5
Saccade occurrence rates for left and right courses. The rows represent the trajectory of the ball: (from top) parabolic motion (A,B), horizontal motion (C,D), and descent (E,F) motion. The columns represent the group: (from left) TT and Control. The blue circle indicates the right courses, the orange square indicates the left courses. Vertical lines with symbols indicate statistical significance between the right course and the left course. **p < 0.01 right course and left course, †p < 0.05 Interaction, ††p < 0.01 Interaction. #p < 0.05 right course and left course; post-hoc test.


The occurrence rate of smooth pursuits was analyzed against the ball speed for each trajectory and course (Figure 4). A two-way ANOVA showed that the main effect of ball speed was significant for all trajectories and courses (p < 0.01) but the main effect between groups was not significant (left course in parabolic: p = 0.74; center in parabolic: p = 0.85; right in parabolic: p = 0.86; left in horizontal: p = 0.92; center in horizontal: p = 0.13; right in horizontal: p = 0.96; left in descent: p = 0.85; center in descent: p = 0.22; right in descent: p = 0.32). No significant interactions were also observed (left course in parabolic: p = 0.99; center in parabolic: p = 1.00; right in parabolic: p = 1.00; left in horizontal: p = 1.00; center in horizontal: p = 0.92; right in horizontal: p = 1.00; left in descent: p = 1.00; center in descent: p = 0.71; right in descent: p = 0.64). Thus, the occurrence rate of smooth pursuits did not differ between the TT and Control groups in any condition.



3.1.2 Saccade onset time

The reaction time from the start of the target movement to the generation of the saccade was evaluated as the saccade onset time (Figure 6). The saccade onset time decreased as the ball speed increased irrespective of the ball trajectory or course, reaching about 0.3 s. A two-way ANOVA showed that the main effect of the ball speed was significant for all trajectories and courses (p < 0.01) but the main effect of the group was not (left course in parabolic: p = 0.94; center in parabolic: p = 0.64; right in parabolic: p = 0.33; left in horizontal: p = 0.31; right in horizontal: p = 0.54; left in descent: p = 0.48; center in descent: p = 0.65; right in descent: p = 0.11). Thus, the motor command generation time for saccadic eye movements depended on ball speed, but there was no difference between groups.


[image: Eight line graphs labeled A to H compare saccade onset times in seconds for TT and Control groups across different ball speeds. Graphs are organized by trajectory type: parabolic (A-C), horizontal (D-E), and descent (F-H), with positions left, center, and right. TT data is shown with red circles and solid lines, while Control is shown with black squares and dotted lines. All graphs indicate a decline in onset time as ball speed increases.]
FIGURE 6
Saccade onset time. The main effect of the ball speed was significant in all trajectories and courses (p < 0.01) but no difference between groups was observed (two-way ANOVA).




3.1.3 Saccade speed

The saccade speed, which is a factor in determining ball tracking performance, increased with ball speed for both the TT group and the Control group regardless of ball trajectory or course (Figure 7). No significant difference was observed in the saccade speed between the two groups across all trajectories and courses (left course in parabolic: p = 0.82; center in parabolic: p = 0.81; right in parabolic: p = 0.53; left in horizontal: p = 0.85; right in horizontal: p = 0.45; left in descent: p = 0.14; center in descent: p = 0.26; right in descent: p = 0.31; two-way ANOVA). An interaction between the groups and the ball speed was observed only in the center course of the parabolic motion condition (p < 0.05). Thus, saccade speed depended on ball speed, but there was no difference between groups.


[image: Eight line graphs (A-H) display saccade speed in degrees per second against ball speed ranging from 0 to 1.2. Graphs are titled "left," "center," and "right" for parabolic, horizontal, and descent conditions. Red lines represent TT, and black dotted lines represent Control groups. Both lines show an increase in speed with ball speed.]
FIGURE 7
Saccade speed. The main effect of the ball speed was significant in all trajectories and courses (p < 0.01) but no difference between groups was observed (two-way ANOVA). †p < 0.05 Interaction.




3.1.4 Saccade endpoint error

The saccade endpoint error was evaluated as the spatial accuracy and increased with increasing target speed in both groups (Figure 8). A two-way ANOVA revealed a statistically significant difference between the groups depending on the course of the ball but not on the trajectory (left course in parabolic: p < 0.01; right in parabolic: p < 0.05; left in horizontal: p < 0.01; right in horizontal: p < 0.05; left, center, and right in descent: p < 0.01). No significant interaction was observed (left course in parabolic: p = 0.64; center in parabolic: p = 0.73; right in parabolic: p = 0.99; left in horizontal: p = 0.10; right in horizontal: p = 0.97; left in descent: p = 0.76; center in descent: p = 0.41; right in descent: p = 0.69; two-way ANOVA). Thus, the saccade endpoint error had little dependence on the ball motion trajectory or course, and the TT group had small error values in all conditions except for the center course of the parabolic motion condition.


[image: Graphs A to H compare saccade endpoint error across different conditions (parabolic, horizontal, descent) and ball speeds, categorized by left, center, right positions. Red lines represent TT, while black dotted lines represent Control. Significant differences are marked with asterisks, showing higher errors at increased speeds, especially in the Control group.]
FIGURE 8
Saccade endpoint errors. Vertical lines with symbols indicate statistical significance between groups. *p < 0.05 TT vs. Control, **p < 0.01 TT vs. Control.


The saccade endpoint error was also compared between the right and left courses for each group (Figure 9). The error for the left course was significantly larger than that for the right course in all trajectories for both the TT and Control groups (p < 0.01). Post-hoc tests showed significant between-course differences in the TT group for the parabolic trajectory at speeds of 0.8, 1, and 1.2, for the horizontal trajectory at speeds of 1 and 1.2, and for the descent trajectory at speeds of 1 and 1.2.


[image: Six graphs show saccade endpoint error based on ball speed for parabolic and horizontal descent in TT and Control groups. Each graph plots error (degrees) against ball speed, comparing right and left courses using blue and orange lines. Significant differences are indicated with symbols above the data points.]
FIGURE 9
Saccade endpoint errors for left and right courses. The blue circle indicates the right courses, the orange square indicates the left courses. Vertical lines with symbols indicate statistical significance between the right and left courses. **p < 0.01 right course vs. left course, ††p < 0.01 Interaction. #p < 0.05 right course vs. left course, ##p < 0.01 right course vs. left course; post-hoc test.


The TT group repeated saccades to moving targets countless times during their play, so their saccades may not only have higher spatial precision but also greater consistency and reproducibility of movement across trials. Therefore, we investigated the variation coefficient of saccade endpoint error as the precision of saccade (Figure 10). In the parabolic motion condition, the main effect between groups was significant for the left and right courses (left: p < 0.05; right: p < 0.01; Friedman's test) but not for the central course (p = 0.46). In the horizontal motion condition, there was no main effect between groups (left: p = 0.09; right: p = 0.11; Friedman's test). In the diagonal downward motion condition, there was a significant difference between the groups at the center of the course (center: p < 0.05; Friedman's test), and no significant difference was observed between the right and left courses (left: p = 0.94; right: p = 0.20).


[image: Eight line graphs labeled A to H show the coefficient of variation for different variables (parabolic, horizontal, descent) against ball speed (0.2 to 1.2). Graphs compare two groups: TT (red line) and Control (black dotted line). Notable differences are marked with asterisks. Panels are organized in left, center, and right columns.]
FIGURE 10
The coefficient of variation of saccade endpoint error. Vertical lines with symbols indicate statistical significance between groups. *p < 0.05 TT vs. Control, **p < 0.01 TT vs. Control.


This experiment was conducted over three days, so it was necessary to confirm that no learning effects occurred during that time. Since participants performed 20 trials for each condition, we compared the results of saccade endpoint error between the first 10 trials and the second 10 trials for each condition. Neither the TT group nor the Control group were significantly different in their comparisons: for the TT group (left course in parabolic: p = 0.32; center in parabolic: p = 0.68; right in parabolic: p = 0.08; left in horizontal: p = 0.55; right in horizontal: p = 0.32; left in descent: p = 0.32; center in descent: p = 1.00; right in descent: p = 0.09), and for the Control group (left course in parabolic: p = 0.13; center in parabolic: p = 0.07; right in parabolic: p = 0.32; left in horizontal: p = 0.55; right in horizontal: p = 1.00; left in descent: p = 0.23; center in descent: p = 0.35; right in descent: p = 0.57).




3.2 Experiment 2

Experiment 1 showed that the TT group saccades had better spatial accuracy for moving targets. This finding suggests that table tennis players may have a better ability to predict the future position of the ball and/or better oculomotor control to execute saccades to the predicted position. Saccades to a moving target are thought to require information processing of both the position and motion velocity of the target at a certain point in time. Therefore, to understand which information processing of the saccade system is superior, we examined the saccade ability for stationary targets, which do not require motion information processing. We measured the endpoint error and onset time of saccades to stationary targets presented at random positions 30 cm above the table tennis table (Figure 11). No significant differences between groups were observed for either the saccade endpoint error or onset time (one-way ANOVA). This suggests that table tennis players are better able to predict the future position of the ball.


[image: Bar graphs comparing saccade measurements between TT and control groups. Panel A shows saccade endpoint error in degrees, with similar values for both groups. Panel B breaks this down further by saccade direction, showing similar patterns. Panel C displays saccade onset time in seconds for both groups. Panel D further separates onset time by direction, with similar distributions. Error bars and individual data points are included.]
FIGURE 11
The endpoint error and onset time of saccades to stationary targets. (A,C) Comparison between groups. (B,D) Comparison between saccade directions in each group. No significant differences were found in either endpoint error or onset time between groups or saccade directions.


Additionally, in Experiment 1, the saccade ability for a moving target between the left and right courses was significantly different. Therefore, we analyzed saccades for a stationary target for the left and right directions separately but again found no significant difference in saccade endpoint error or onset time for each group.




4 Discussion

The results of this study are summarized as follows: (1) both the TT and Control groups tracked a ball that began to move from rest using catch-up saccadic eye movements; (2) the TT group had a better saccade ability for moving targets (occurrence rate, spatial accuracy, and inter-trial precision); (3) the superiority of the occurrence rate of the TT group was observed only in the high ball speed range on the left course; (4) the TT group had a high precision of the saccade endpoint error in the parabolic trajectory; and (5) the TT group had no superiority for saccades to stationary targets. These results support our hypothesis that table tennis players have a superior ability of saccades to capture moving targets as a result of stimulus-specific improvements in motion vision by observing the ball's myriad movements.


4.1 Superior ball-tracking ability with saccadic eye movements highlights the importance of saccadic gaze behavior in table tennis

Studies on gaze behavior in table tennis players have shown that they focus on the ball immediately after contact with the racket of the opponent (8, 23, 24). It is where the ball's destination is most uncertain because subtle changes in the angle of the racket surface have a large effect on the direction of the ball's travel, and speed and trajectory also change dramatically. Table tennis players' actions begin with quickly and accurately determining the direction and speed of the ball struck by their opponent, and the first part of the ball's trajectory is visually tracked (23, 24). The task in this study mimics this situation.

The gaze behavior of directing one's gaze to where the ball is released has been observed not only in table tennis but also in sports to intercept high-speed balls, such as baseball (25) and cricket (26, 27). Batters in these sports are under severe time constraints and must plan the appropriate motor response based on visual movement information as early as after the ball release to secure time for batting movements (8). It is known that tracking the released ball with a smooth pursuit improves ball prediction accuracy (28, 29) and interception accuracy (30, 31). Consistent with this, it has been reported that expert baseball and cricket players use smooth pursuit to look at the ball released for longer periods than unskilled players (26, 32, 33). The ball-tracking by smooth pursuit is useful in sports where pitchers have limited directions in which to throw (e.g., toward the home plate or wicket). This is because the eye and head movements with a large angular velocity are not required to track the ball immediately after it has been pitched (4). However, in the case of table tennis, where high-speed balls are launched in various directions from an opponent approximately 3 meters away, saccades are essential, as high-speed eye movements are required that go beyond the tracking ability of smooth pursuit. Supporting this, not only the control group but also the table tennis players tracked the ball using saccades in this study. Therefore, ball-tracking through saccades is essential in table tennis, and its spatial accuracy is assumed to contribute to hitting performance.

In sports where the ball bounces, such as table tennis or cricket, saccades are used to direct the gaze ahead of the ball to the point where it is expected to bounce (8, 23, 24, 26). Land et al. (2000) compared skilled and unskilled cricket batsmen and reported that the higher-level batsmen made earlier and more accurate predictive saccades. This means that skilled experts can use the information obtained immediately after ball release to predict bounce events more accurately and in advance. In this study, table tennis players could make saccades with high spatial accuracy to a ball that started moving from their fixation point. This suggests that, like expert cricket players, table tennis players can better analyze the motion of their moving targets and predict where they will reach in the future.

Table tennis players make several saccades to track the ball when the ball speed is low (8). Multiple saccades were also observed at low ball speeds in this study, but at medium to high ball speeds (0.8, 1, 1.2), there is not much time to generate a second saccade. In such situations, the striking performance of players depends on whether or not they can generate saccades based on visual information immediately after the opponent's striking, and whether they can generate saccades with high accuracy. The table tennis players in this study showed superiority in occurrence rate and spatial accuracy of saccades even in the ball high-velocity range, suggesting that these abilities are required in table tennis and that they can be improved through table tennis itself as training.

Saccades quickly shift the eyes to a new location with limited online movement control. Therefore, if there is a deviation in the arrival of a saccade to the target point, it is known that a corrective saccade will follow (34). However, it has been reported that the corrective saccades change the speed perception and arm's intercept action to a moving target depending on the saccade direction (35), which is expected to have undesirable effects on athletes. Therefore, improving the saccadic ability attracted by this study, namely, the incidence and spatial accuracy of saccades occurring after an opponent strikes, will lead to improved striking performance in table tennis.



4.2 The superior saccade ability of table tennis players may reflect the superiority of brain information processing pathways relevant for moving targets

Notably, the TT group showed a superior saccade ability to track moving targets, but the two groups had comparable saccade ability to track stationary targets. This result suggests that the repeated experience of saccade-tracking a fast-moving ball during table tennis trained the associated saccade-generating mechanism and induced plastic changes. The repetitive practice of skill-specific body movements is very effective in acquiring and improving specific motor skills in sports, and the plastic reorganization that occurs in the neural circuits used during this repetition that essential for the improvement (22). Similarly to general motor skills, eye movement ability undergoes plastic changes with practice (36, 37). For example, Dyckmank and McDowell (38) investigated the effect of training on three different eye movement tasks (antisaccade, prosaccade, and fixation) and found that antisaccade performance was improved by antisaccade training, prosaccade task diminished antisaccade performance, and fixation training did not affect antisaccade performance. Therefore, the direction and strength of the training effect on each type of eye movement will differ depending on the type and content of the training to be undertaken. The effect of training on eye movement has been attributed to different cerebral cortical regions and neural circuits for different types of saccades (39, 40). These previous studies suggest our observations are the result of changes in specific brain regions caused by playing table tennis.

In humans (41), the middle temporal complex (MT) of the dorsal visual pathway in the cerebral cortex processes visual motion information and supplies motion signals to various networks that require target motion information. In monkeys (42), disruption of the MT by ibotenic acid impairs pursuit and saccades against moving targets, resulting in large saccade endpoint errors. However, saccades to stationary targets were not affected by this lesion, indicating that both target position detection and saccadic motor control for accurate landing on the target were intact. The loss of the MT impaired motion information processing, compromising the accuracy of the saccade amplitude estimation. In humans too, the accuracy of motion information processing in the MT contributes to the spatial accuracy of the saccade for the moving target (43).

Human and monkey studies have reported that activity in the MT is closely related to the velocity of moving targets. For example, the reaction time required to detect a target motion and initiate body movement decreases non-linearly with increasing target motion speed. Consistent with this relationship, the latency of neuron-related magnetic response in the occipitotemporal region, including the human MT, also shortens non-linearly with increasing target movement speed (44). Similar properties have been reported for the response latency of the N2 component of the motion-evoked potential recorded in the human MT, which is thought to reflect information processing related to motion perception (45). These previous findings indirectly suggest that a shortened response latency in the human MT leads to a shortened physical response time. Similar results were also observed in the present study, where the onset time of the saccade eye movement decreased non-linearly with increasing target movement speed. Since the visual information to generate a saccade in response to a moving target is 100 ms before the start of the saccade (46), we calculated the angular velocity from data 100 ms before the onset of the saccade. For parabolic motion, target motion speeds of 0.2, 0.4, 0.6, 0.8, 1, and 1.2 corresponded to approximately 20, 36, 42, 69, 97, and 121 deg/s, respectively. Similarly, for the horizontal motion condition they were 24, 30, 33, 42, 53, and 61 deg/s, respectively, and for the descending motion they were 17, 16, 30, 42, 57, and 78 deg/s, respectively. Kawakami et al. (44) measured magnetoencephalographic (MEG) neural responses in the occipitotemporal region to the motion initiation of light over a wide range of velocities (0.4–500 deg/s) in humans and measured the physical reaction time. Both the reaction time and MEG response latency were inversely proportional to the target velocity. In particular, significant shortening occurred between target velocities of 0.4 and 30 deg/s. A similar target velocity-MEG response latency function was also reported by Maruyama et al. (2002) (47). In the present study, a significant reduction in the saccade onset time was observed for velocity conditions between 0.2 and 0.6 for all ball trajectories, which approximate 2–30 deg/s. This result agrees with the relationship between the body's reaction time and target motion speed in previous studies (48, 49). Considering the results of Kawakami et al. (2002) and Maruyama et al. (2002), the motion information in the human MT may be used not only for physical reactions, such as button pressing, but also for catch-up saccades, and the information provision speed may be a temporal rate-limiting factor for visuomotor responses.

The superiority of the saccade spatial accuracy (endpoint error) by the TT group may be linked to the human MT. In both groups, the error increased non-linearly when the ball speed increased above the condition of 0.6. Between speeds of 0.6 and 1.2, the ball velocity increased from about 30 deg/s to 100 deg/s. It is known that neurons in monkey MT have tuning properties for motion target velocity, with most neurons exhibiting optimal responses at a velocity of 4–16 deg/s (50, 51). An fMRI study showed that neurons in the human MT have an optimal response of 7–30 deg/s (52). Therefore, the target speed-dependent increase in endpoint error observed in the present study at velocity conditions of 30 deg/s or higher is possibly due to inaccurate information provision by exceeding the optimal motion velocity condition for the motion analyzer in the human MT. If so, the superiority of the saccade spatial accuracy (endpoint error) in the TT group in the high-speed condition was possibly brought about by an improved motion analysis ability in the human MT. Since a motor command of the saccade to the moving target cannot be generated without motion information of the target, the decrease in the rate of the saccade occurrence rate in high-speed conditions on the left course might be due to the same reason. Further research on this point is needed.



4.3 Exposure experience with visual motion stimulation during table tennis may have improved the visual system of the players

Table tennis players are exposed to visual motion stimuli at high frequency and for long periods. When the visual system is exposed to a specific visual stimulus for a long time or frequently, its detection sensitivity to the exposed stimulus improves through plastic changes called perceptual learning (15). It has been reported that prolonged motion stimulation improves perceptual motion detection and discrimination abilities (16–19). Therefore, table tennis players may have an improved ability to analyze the motion of moving targets, which contributes to the superiority of the saccade ability observed in this study. Learning effects in perceptual learning are known to be specific to the exposed stimulus (15), and the above-mentioned improvement effects on perceptual motion detectability and discriminability are specific to the exposed stimulus direction (16, 17).

The superiority of the saccade spatial accuracy of the TT group was observed not only for parabolic trajectories, which are commonly seen in table tennis rallies, but also in the horizontal and descent motion trajectories, which have no equivalent in table tennis rallies. However, we believe that our results are consistent with the stimulus specificity of perceptual learning. In previous studies, learning effects were observed even when the motion direction of the exposed stimulus was shifted by 45 degrees (16, 17). We calculated the angular difference until a saccade occurred for the parabolic motion trajectory, horizontal motion trajectory, and descending motion trajectory in this study; we found that it was only about 5 deg of the visual angle. Therefore, the learning effect caused by the most frequently seen parabolic motion may have affected other motion trajectories as well.

We found that the occurrence rate and spatial accuracy of saccades to moving targets differed depending on the course of the ball, that is, the direction of the saccade eye movement. The saccade endpoint error was significantly smaller in the right course than in the left course in both the TT group and Control group, and the difference was particularly marked at high ball speeds (see Figure 9). Such differences were not observed for other saccade parameters, and no difference was observed in rightward and leftward saccades to a stationary target, so it is unlikely to be an artifact in the measurements. It has been reported that humans have a direction-dependent bias of saccade movement. For example, when saccades were performed in the right and left directions, the onset latency was significantly longer in the left direction (53, 54). Interestingly, the reports showed that the bias was observed in right-handed individuals. There are also reports of a relationship between asymmetry and eye dominance (55). In our study, we did not precisely investigate participants' handedness and eye dominance, so the relationship between saccade lateralization bias and handedness is unclear. Another possible reason for the course difference is attention. The perceptual motion direction discriminability for the coherent motion has been reported to decrease due to divided attention, which was observed only in the left visual field, but not in the right one (56). In the present study, the participants were required to follow moving targets under 54 conditions, so it was necessary to fully utilize their attentional functions due to the high degree of uncertainty. Even small reductions in attention may decrease the generation and spatial accuracy of saccades (57). Finally, the directional bias of the saccade in daily life may be the cause. Reading horizontally written Japanese text needs a rightward saccade which is not just a saccade to a static target, but a predictive saccade that takes context into account, and has aspects in common with saccades to a moving target. The poor ability to saccade to the left in the control group may have been improved in the TT group by the repetitive leftward saccades during table tennis. Further investigation is required to clarify these points.



4.4 Table tennis players with better precision in saccade endpoint error hold a notable advantage in table tennis

The ability to track the ball via saccadic eye movements can be assessed not only with accuracy, defined as an absolute spatial error but also precision (or low inter-trial variability), as noted by Guthrie in 1952 (58). This study found that, specifically in parabolic motion conditions, the TT group exhibited significantly better precision in saccade endpoint error for both left and right courses compared to the Control group. This implies consistent precision in saccade execution. While trial-to-trial variation aids in learning new motor skills, it hampers reaching/interception performance (59). Hence, table tennis players with better precision in saccade endpoint error hold a notable advantage in table tennis with continuous saccades. Van Beers RJ and colleagues (2007) explored the factors influencing variation in human saccadic eye movements, identifying uncertainty in target localization as a primary factor affecting saccade endpoints (60). Consequently, this suggests a reduced uncertainty in predicting the target's future location among the TT group. Common knowledge in sports suggests that trial-to-trial variability lessens with continued practice (61, 62). The TT group's training outcomes likely reflect perceptual learning from visual exposure to motion stimuli in table tennis, with the most pronounced training effect occurring in frequently encountered parabolic motions.



4.5 Human saccade function is optimized in daily life but may be improved by adapting to higher needs in sports

The reason for no differences in the spatial accuracy of saccades for stationary targets between the two groups also deserves consideration. Since the central fovea of the human retina is small, everyone needs highly accurate saccades for object recognition and spatial recognition in daily life. If a spatial error occurs between the saccade arrival point and the visual target, the error is quickly corrected by motor learning, a phenomenon known as saccade adaptation. In the saccade generation mechanism for stationary targets, such a mechanism is universally present regardless of experience, which may explain the lack of difference. However, this observation does not deny the superiority of saccade ability to stationary targets in athletes, as differences have been observed between athletes and non-athletes for saccades under more complex or advanced spatiotemporal demands (9–11, 13, 63).

A superior saccade function for motor targets plays a very important role in the high performance of table tennis players. Aoyama et al. (64) demonstrated using a continuous visuomotor task that a simulated movement of a racket to a fast-moving target is amended based on the visual feedback information acquired after the saccade ends. They also showed that the spatial accuracy of the saccade determines that of the reaching movement. Accordingly, our results suggest that the improvement of the saccade spatial accuracy leads to better table tennis performance.



4.6 Limitations of this research and prospects

In this research, parabolic motion trajectory was reproduced faithfully in virtual space based on tracking data of a table tennis ball shot onto a table tennis table in real space. As a result, several participants of the TT group commented, “It looks so similar to the ball I see in an actual table tennis situation that almost couldn't help but want to hit it back.” Therefore, the superior ball-tracking ability achieved by saccadic eye movements found in table tennis players in this study may contribute to actual table tennis performance but the direct relationship with performance is not clear. Therefore, in future studies, it will be necessary to verify the contribution to performance by evaluating the performance of table tennis players in conjunction with their ball-tracking ability. Furthermore, the reason for the superior saccadic ability of table tennis players may reflect their superior ability to process visual motion information and the ability to predict the future position of a moving target based on visual information. However, in this study, it was not possible to distinguish between them, so future studies will be necessary to separately examine motion vision abilities, such as the ability to detect and discriminate the direction of visual motion, and predictive abilities.




5 Conclusions

We conclude that table tennis players have a higher ability to direct their gaze accurately and precisely at the expected arrival point of a ball moving by a catch-up saccade. The catch-up saccade performance can be improved by visual experience and visuo-ocular training executed in ball sports including table tennis, making it possible to acquire highly accurate visual information constantly, which leads to better sports performance.
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Introduction: The aim of the study is to address embodied planning in climbing. Embodied planning was conceptualized as the interaction between perceptual-cognitive pre-planning and motor execution.
Methods: In an experimental study, 18 climbers were asked to pre-plan a climbing route and to perform the route afterward. During pre-planning, the visual search pattern of climbers was captured using a portable eye tracker. After previewing, they were invited to climb the wall.
Results: Results revealed that holds looked at during pre-planning were used twice as much during route execution than those not looked at. The duration of fixations was longer for holds used than those not used during route execution. The experience of climbers (training years) correlated with visual strategies and climbing performance, such that experienced participants climbed faster and fixated at the holds not used for a shorter time.
Discussion: The visual behaviors of climbers were influenced by their past sensorimotor experiences during route previewing, impacting subsequent climbing performance.
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Introduction

Climbing was introduced as a new sport discipline in the Olympic Games in Tokyo in 2020 due to its popularity and professionalization around the world (Künzell et al., 2021). The International Federation of Sport Climbing (IFSC, 2023) differentiates three types of indoor climbing disciplines. Specifically, these are known as ‘Lead’ (athletes climb secured by a rope, one at a time, on an overhanging route with a 6-min time limit; the aim is to go as high as possible in an individual attempt on a 15 m wall); ‘Speed’ (secured from above, climbers run up standardized parallel routes; the aim is to be the fastest to reach the top of a 15 m wall); and ‘Boulder’ (these competitions take place on 4-meter-high walls equipped with safety mats; the aim is to solve the highest number of problems – i.e., routes – on four/five round-dependent boulders, having an initial collective observation time of 2 min without yet attempting to complete the routes). There are also three climbing styles to successfully climb to the top of a route: ‘On-sight,’ where the climber performs a route without prior knowledge of it; ‘Flash,’ where the climber completes a climb on the first attempt after receiving guidance on the route; and ‘Redpoint,’ where the climber completes a route without falling after several unsuccessful attempts, rappelling down the route or interceding with a top rope.

A crucial factor for climbing performance is the development of an efficient climbing style, which entails interactions between the perceptual, cognitive, and motor system (Saul et al., 2019). Recently, the theoretical concept of embodied planning has been put forward, and specific predictions about the motor-cognitive interactions underlying climbing performance have been formulated (Musculus et al., 2021). The present study aims to test embodied planning predictions by particularly focusing on the impact of pre-planning on subsequent motor execution for the ‘On-sight’ style in indoor climbing (e.g., a climb without previous practice).

In climbing, climbers engage in route previewing before approaching the wall and executing the route. During this phase, climbers take a close look at the layout of the holds and plan which holds to use. After this initial previewing, climbers approach the wall and start climbing the route. In climbing research, experimental studies have examined the effects of route previewing in the initial pre-planning phase on subsequent climbing performance. Previewing is related to successful climbing performance (Sanchez et al., 2012, 2019; Seifert et al., 2017). Climbing studies focusing on pre-planning have used perceptual measures such as visual search behavior (Seifert et al., 2017; van Knobelsdorff et al., 2020), estimations of hold properties (e.g., Bläsing et al., 2014), and estimations of whether holds could be reached or not (e.g., Seifert et al., 2021a). These perceptual measures are then related to the number of holds used or the time needed to execute the route (Nieuwenhuys et al., 2008; Sanchez et al., 2012; Seifert et al., 2017).

From an embodied cognition perspective, the initial or pre-planning during the previewing of a climbing route depends on both the spatial information of specific hold positions and the climbers’ action capabilities. This means that the perception of the spatial properties of the environment is scaled to the ability of each performer who will execute the intended movements (Paterson et al., 2013). From this embodied perspective, the climber should not only perceive the spatial location of each hold at the climbing wall but also associate specific opportunities for action based on the sequence of holds available in the specific environment. Therefore, in this study we aim to directly capture the potential effects of the environment by analyzing climbing routes in a fine-grained manner, i.e., by inspecting the functional relation between gaze and movement execution on the level of holds. Furthermore, it has been suggested that climbing expertise produces action capabilities at different skill levels, such that advanced climbers showed greater maximal reaching distances than intermediate climbers. However, no effect of climbing expertise on their calibration accuracy was found because the different expertise groups estimated their maximal reaching distance similarly when this estimation was scaled to their actual maximal reaching distance (Seifert et al., 2021b). Therefore, climbers of all skill levels need to consider their bodily state as well as physical and technical contraints in relation to the environmental structure because their individual action capabilities might affect their visuomotor complexity during pre-planning and execution in on-sight climbing (i.e., the layout of the route, van Knobelsdorff et al., 2020).

Embodied planning explicitly considers these interactions between cognitive and motor planning in climbing. The embodied planning process is a continuous, bi-directional feedback loop. Through this feedback loop, perceptual and cognitive planning processes in the pre-planning phase constantly interact with motor-planning processes occurring during the execution of a plan (Musculus et al., 2021). Therefore, the embodied planning process is constantly influenced by bodily as well as sensorimotor experiences. This means that “what” I plan to do will also affect “how” I do it when executing a task (Raab, 2017). We argue that in planning a complex task such as completing a climbing route, both the “what” and “how” are intertwined (Boschker et al., 2002) as embodied cognition approaches suggest (Raab and Araújo, 2019). We note that pre-planning and execution can be partly experimentally separated – looking at a climbing wall without moving at the wall can be considered as “rather cognitive” or “more cognitive” pre-planning, whereas during climbing, both the “what” and “how” components of embodied planning are more tightly interrelated, with motor and cognitive planning aspects interacting constantly. Importantly, both the “how” and “what” components of the plan as well as the interaction are likely to be influenced by the climbing experience (Sanchez et al., 2019; Musculus et al., 2021). Therefore, the present study tests whether climbers with more experience look for potential routes on the climbing wall and pre-plan climbing routes differently.


The present study

The present study aims to test embodied planning in climbing and to capture the combined visual and motor performance of climbers. This aim will be delivered by exploring whether climbing experience is related to pre-planning the route during route preview and to motor performance during route execution. We envision a better understanding of embodied planning processes and potential effects of experience by analyzing which holds climbers look at during route previewing and which holds they use when climbing the wall (Musculus et al., 2021).

We hypothesized that holds that were fixated on more often and for longer during the pre-planning of the route would be more frequently used when executing the plan in climbing the route. This effect should be accentuated for expert climbers compared to less experienced climbers.




Materials and methods


Participants

A priori power analysis performed with the G*Power 3.1.9.7 software (Faul et al., 2007) was used to calculate the required sample size for this study. The results showed that a minimum sample size of 15 participants were required (settings: paired sample t-test, d = 0.80, alpha level = 0.05, power = 0.8). To satisfy this sample requirement, we recruited 18 male climbers (Mage = 26.56 years old, SD = 4.73). The sample followed previous climbing studies with gaze measures (N = 18 in Seifert et al., 2017; N = 12 in Nieuwenhuys et al., 2008). The climbing performance level of the participants’ on-sight style was between the 18 and 28 levels of the International Rock Climbing Research Association (IRCRA), reporting a scale of 6b + and 8b in the French scale (see Draper et al., 2011, 2015 for a comparison of different grading scales). We also measured their height (M = 170.53 cm, SD = 11.19), arm span (M = 176 cm, SD = 9.19), ape index (i.e., the measure of the ratio of an individual’s arm span relative to their height; M = 1.03, SD = 0.03), weight (M = 68.38 kg, SD = 7.38), maximum specific finger strength of the right hand (M = 370 N, SD = 74.20), and maximum specific finger strength of the left hand (M = 378.30 N, SD = 82.40). All participants had a license for climbing competitions. They had accumulated a mean climbing experience of 8.22 years (SD = 4.45) and had trained in climbing for 2.94 years (SD = 2.96). The frequency of training was 3–4 sessions per week, and each training session lasted at least 1 h. For simplification, we refer to all climbers as “experienced” and test different degrees of experience on pre-planning and climbing behavior in our hypotheses.

Participants voluntarily took part in the study and provided informed consent prior to the start of the experiment. The study was performed according to the ethical standards of research of the university in accordance with the Declaration of Helsinki (2013). Specifically, this study received approval from the Bioethics and Biosecurity Committee on 6 March 2018 (n° 33/2018). Participants received general information about the research contexts and signed an informed consent form, but were naïve to the specific hypotheses.



Materials


Climbing test

In the present study, a tiltable climbing wall was built to reproduce representative situations of boulder climbing championships. This wall in the laboratory was engineered based on (i) the French grading system of difficulty, being most commonly used in mainland Europe, and (ii) competition regulations of the IFSC (2022) (e.g., the routes limiting the risk of falling that result in injuries, no downward jumps required, starting holds/top clearly marked with one color). The design of the climbing wall was supported by advice from five expert coaches of a Regional Mountain and Climbing Federation with more than 10 years of climbing experience. One coach was also an experienced setter in national official climbing competitions. They set the route following some of the boulder rules of the IFSC (2022) with a variety of sizes and shapes, leading to the creation of different climbing routes of medium–low difficulty levels (17 IRCRA level/6b + French scale). Therefore, all participants had the requisite minimum skill level to climb the wall.

The climbing wall contained a total of 21 foot- and hand-holds (footholds: from 1 to 6, and handholds: from 7–9 and 11–21). The best route for climbing was selected by a consensus of the expert coaches, containing a recommended sequence of 13 hand moves, using 10 holds (hand-holds numbers 7, 8, 9, 11, 12, 13, 14, 16, 18, and 21; see Figure 1). A number of alternative hand-holds were added to the wall to disguise which route would be the best for climbing it. For this purpose, some deceptive hand-holds offered a shorter but more complicated route (holds 15, 17, 19, and 20). The experts finally decided collectively the hand-holds needed to be gripped in a correct sequence to complete the best route to climb the wall safely. Altogether, we used a modified bouldering task with more handholds than 12 and the average number of 4–8 handholds per boulder as recommended by the IFSC (2022) to ensure the ability of climbers to visually inspect a boulder before ascent it.

[image: Illustration of a climbing wall route, showing numbered handholds and footholds in different colors. Blue holds are numbered one to six, green seven to fourteen, and red fifteen to twenty-one. Outlined hands indicate suggested grip positions for each hold, guiding climbers in ascending order.]

FIGURE 1
 Locations of the hand-holds on the climbing wall (numbers 7-8-9-11-12-13-14-16-18-21 for the “key” hand-holds and 15-17-19-20 for deceptive hand-holds proposed by the expert coaches; number 1-2-3-4-5-6-10 for feet-holds).


We assessed individual factors that are known to affect climbing performance. First, a TANITA BC-418 bio-impedance scale was used for weight measurement, and a measuring tape was used for height and ape index parameters. Second, a SMEDLEY III hand dynamometer coupled to a wooden base was used for the measurement of the specific strength variable for climbers’ fingers. Each climber placed the forearm onto the base and fingers on the dynamometer in the form of a climbing grip (Morenas et al., 2013). Finally, a FANTEC BEASTVISION HD camera was used to record the measurement protocols and the later performance of the climbers on the wall.




Pre-planning (during route previewing)


Visual search behavior

We used a mask-type eye tracker (Morenas et al., 2018) to capture gaze underlying expert performance (Gegenfurtner et al., 2011). Gaze parameters follow previous climbing studies (Nieuwenhuys et al., 2008; Grushko and Leonov, 2014; Seifert et al., 2017): the number, duration, and sequence of visual fixations that each climber performed on the holds of the climbing wall or beyond. In this study, a visual fixation was defined as the minimum time of 100 ms that the gaze remained stable at a location within 1.5° of the visual arc (Williams and Davids, 1998).

We measured the visual performance (VP) by comparing which of the hand-holds that experts had determined to be the ones to use to complete the route were actually looked at by the climbers. The holds determined by the experts are referred to as “key” holds. For example, if the fixations of climbers matched all hand-holds included on the route designed by expert coaches to climb the wall, then the climber achieved a 100% of VP. If they fixated at half of the holds, the value was 50% of VP. If they did not fixate their gaze at any of the designed holds, the value was recorded as 0% of VP. The climber had to perform at least one fixation on each of the 10 holds proposed by the coaches to achieve the 100% value. The designed route was not known by any of the participants.




Motor execution (during route execution)

Climbers were asked to climb the route that was judged as most suitable to reach the top. We measured the motor performance (MP) by comparing which of the hand-holds that experts had determined to be the ones to use to complete the route were actually selected and used by the climbers during route execution. Equal to VP, MP was analyzed as a percentage. For example, if the climbers placed their hands on all hand-holds that were previously determined by the experts, they achieved a 100% for MP.

In addition, variables related to climbing performance used in past climbing studies (Nieuwenhuys et al., 2008; Sanchez et al., 2012) were included in the analyses. For example, the total climbing time (Tclimb) was the time that the climbers took to complete the climbing wall, being recorded from when they raised both feet off the ground until the moment that they placed both hands on the last hand-hold of the climbing sequence. We also recorded whether the climber completed the route on the wall (Froute) and the number of trials needed to complete a route successfully (Ntrial).



Procedure

Each participant used his own climbing equipment. After a specific climbing warm-up near to the laboratory, each climber performed the anthropometric and specific finger strength measurements in a side-room. Then, the climber was directed to the only illuminated area of the room (calibration zone) where the eye-tracking device was attached to the participant’s head (Figure 2A).

[image: Panel A shows a man sitting while another person adjusts a device on his head in a room with a computer. Panel B has the seated man facing a wall projection of a target, with someone pointing at it. Panel C shows the man alone facing the projected target. Panel D captures the man, now wearing goggles, interacting with the other person next to a tripod. Panel E depicts the goggled man standing in front of an indoor climbing wall. Panel F shows the man actively climbing the wall, using handholds and footholds.]

FIGURE 2
 Procedure: Positioning the eye tracker (A). Instructions about calibration process (B). Calibration process (C). Participant receiving instructions (D). Visualization phase (E). Performance phase (F).


The participant sat on a stool with a height-adjustable chin rest to look at the projection wall. The calibration protocol began (Figure 2B) with the projection of the nine calibration points, with climbers instructed to view the markers only with eye movements (Figure 2C). When this process finished, the participant stood up with his back to the climbing wall at a distance of 4 m in a delimited area of 1×1 m.

Once there, the lights were turned on, and the participant heard the final instructions: “You must look through the route in front of you as you do in competitions or training sessions. The route starts at the red hold marked on the lower left side and ends in a red hold marked on the upper right.” The climber had a maximum of 2 min to observe the boulder before trying to climb it. The researcher (Figure 2D) signaled to turn and look at the route from the delimited area (Figure 2E). After this, the participant was invited to complete the route to the top (Figure 2F). They had several trials to climb the wall although they strived to ascend it at the first attempt.



Statistical analysis

Nonparametric tests were used in this study because the Shapiro-Wilks analysis confirmed that the data of the dependent variables did not display a normal distribution. We performed descriptive statistics to analyze pre-planning regarding the sequence of holds looked at and used (see Figures 3 4), how often holds were looked at during route previewing, and how often they were used when executing the plan (i.e., route execution). We used the frequency distribution using Chi2 tests to analyze whether holds that were looked at vs. not looked at were more often used during the execution of the route.

[image: Network diagram with circular nodes of varying sizes connected by directional arrows. Nodes are labeled with numbers, the largest being "16" labeled "27060". Arrows depict connectivity and direction between nodes, suggesting relationships or flow within the system.]

FIGURE 3
 Gaze sequence of climbers during route previewing.


[image: A directed graph with multiple nodes and edges labeled with numbers. Nodes are numbered, and some have additional values inside them. Edges, which indicate direction with arrows, are marked with numbers in parentheses. The graph is organized with varying node sizes, some pathways thicker than others, suggesting different weights or importance. Below the main graph, isolated, smaller nodes are displayed without connections.]

FIGURE 4
 Grasping sequence of climbers during route execution.


We performed correlational analyses to explore relations between visual performance (VP), motor performance (MP), other variables related to visual search behavior (e.g., number and duration of fixations on the 21 holds of the climbing wall), and climbing performance (e.g., Tclimb, Froute, Ntrial) during route previewing and route execution. We also analyzed whether visual pre-planning and motor execution in climbing were related to experience (years of training). We did so by using correlational analyses and model fitting, in which we compared a linear, quadratic, and a growth function regarding model fit. Exploratorily, we computed and analyzed conditional gaze entropy following the procedure of Hacques et al. (2021). We did not see any significant relation to our study variables of interest. For interested readers, we added the descriptive statistics for each individual climber to the Supplementary material (please see Supplementary Tables 3 4 and 5).

An alpha level of <0.05 was set for all analyses. Statistical analyses were performed using the statistical package SPSS 21.0 (© 2012 SPSS Inc.). The Grafos 1.3.5 software was used for the visualization of the sequence of fixations and hand-holds performance made by the climbers.




Results

To better understand the interplay of pre-planning and route execution in climbing, visual search behavior and motor execution were analyzed. The sequence of visual fixations and motor execution performed by the climbers on the hand-holds of the climbing wall during route previewing and route execution are depicted in Figures 3 4, respectively. In these Figures, we observe that four of the 10 “key” hand-holds (holds 7, 11, 16, and 21) were looked at for longer times and used more often. For example, hold 16 was fixated at for approximately 27 s by the climbers and grasped 18 times during climbing execution.


Effects of pre-planning on motor execution

Regarding the impact of pre-planning during route previewing on motor execution when completing the route, comparisons between the holds used during execution that were looked at before vs. not looked at before showed that significantly more holds were looked at than not looked at (X2 = 121.15, p < 0.001, φ = 0.86, d = 3.36). From this result, it can be inferred that during execution, the climbers relied on the holds they had visually scanned in their pre-planning during the route preview. Further, analyzing the holds looked at during pre-planning revealed that significantly more holds were later used than not used during route execution (X2 = 22.44, p < 0.001, φ = 0.09, d = 0.36) (see Table 1). This result suggests that looking at holds during pre-planning informs the subsequent use during route execution as further discussed below.



TABLE 1 Frequency distribution and percentage of holds looked at and not looked at during route pre-planning that were later used and not used during route execution.
[image: Contingency table detailing the relationship between "Used" and "Gaze." For "Used: Yes," "Gaze: Yes" has 159 cases (42.1%) and "Gaze: No" has 5 cases (1.3%), totaling 164. For "Used: No," "Gaze: Yes" has 85 cases (22.5%) and "Gaze: No" has 129 cases (34.1%), totaling 214. Overall totals are 244 for "Gaze: Yes," 134 for "Gaze: No," and a grand total of 378.]

We further analyzed whether the duration of fixations also differed for holds used vs. not used during route execution. The dependent t-test (t(17) = 5.10, p < 0.001, d = 1.20) revealed that, indeed, holds used were looked at longer (M = 754.56 ms; SD = 244.58; SE = 57.64) than holds that were not used during route execution (M = 396.80 ms; SD = 165.79; SE = 39.07). Together, the findings on the impact of route previewing on execution suggest that the visual search during pre-planning actually informs the motor performance during route execution as indicated in the Supplementary material (please see Video File S1).



Relation between pre-planning and motor execution

Regarding the relation between pre-planning and motor execution of the routes execution, overall VP was significantly correlated with MP (rho = 0.796, p = 0.001). In addition, Tclimb and Ntrial were positively correlated (rho = 0.661, p = 0.003), which indicates that climbing performance was reliably measured in the experimental task.

Table 2 showed that VP and MP were negatively related to Tclimb and Ntrial in the climbing task. Correlational analyses also indicated that for three of the “key” holds (hand-holds 8, 14, and 18), the VP and MP of climbers were positively related to the fixation time, while the respective correlation was negative for the deceptive hand-hold 17.



TABLE 2 Significant relations (rho) between study variables.
[image: Table comparing visual and motor performance metrics, including climbing time, number of trials, and fixation times on various holds. Significant correlations are marked with asterisks, where one asterisk indicates p < 0.05 and two asterisks indicate p < 0.01.]

This indicates that looking longer at some “key” holds was associated with better visual and motor performance, while looking longer at the deceptive hold was associated with worse visual and motor performance.



The role of experience in pre-planning and motor execution

Regarding the role of experience in pre-planning the route during previewing and motor execution of the route, correlational analyses revealed that the number of years of climbing training was positively correlated to VP (rho = 0.560; p = 0.016) and MP (rho = 0.537; p = 0.021), and, as expected, negatively correlated to Tclimb (rho = −0.533; p = 0.023). There were no significant correlations of experience with the gaze strategies for holds looked at and used (rho = 0.414, p = 0.098), although experienced climbers with more years of training looked at holds not used for a significantly shorter amount of time (rho = −0.614, p = 0.009).

None of the models (linear, quadratic, growth function) yielded a significant fit for the duration of fixations for holds looked at and used. For the holds looked at but not used, the linear (F(1, 15) = 11.42, p = 0.004, b1 = −29.94, R2 = 0.43), quadratic (F(2, 14) = 5.35, p = 0.019, b1 = −34.09, b2 = 0.44, R2 = 0.43), and growth model (F(1, 15) = 16.22, p = 0.001, b1 = −0.082, R2 = 0.52) were significant. The growth model with years of training explained 52% of variance.




Discussion

Our study tested, in experienced climbers, how to pre-plan a climbing strategy during route previewing and how climbers actually perform the route during route execution. Our findings support the general notion of embodied planning that pre-planning and execution are intertwined (Musculus et al., 2021). This tight link between visual and motor performance in climbers is indicated by the correlations of hand-holds fixated at during pre-planning in the route preview and used during route execution. Further supporting the visual-motor link, visual performance was positively connected to motor performance. This can also be seen as an indicator of a reliable measure of expertise. Additionally, a positive correlation was found between the climbers’ visual performance and the duration of fixations on three prominent “key” holds pre-selected by the experts, and negative correlation with one deceptive hand-hold. Together, the findings of the present study demonstrate that the visual search during pre-planning actually informs motor performance during route execution. This suggests the dynamic interaction of visual and motor processes as suggested by embodied planning in climbing (Musculus et al., 2021).

Regarding the interpretation of results, we initially reasoned that the three “key” hand-holds of the climbing wall (holds 8, 14, and 18; see Figure 1) were positively associated with the visual and motor performance of the climbers because they constitute specific crux points (e.g., the most difficult parts of the route) constraining the perception of their action opportunities at the climbing wall (Seifert et al., 2017). This might favor a visual strategy that has previously been referred to as a “sequence of blocks,” consisting of scanning a route by chunking 2–4 hand-holds into a block. This strategy enables climbers to visualize alternative solutions while preparing for the route (Grushko and Leonov, 2014). According to Grushko and Leonov, this visual strategy is the most common visual pattern of climbers because it is connected to the tactical component of training. However, the climbers seemed to perform not only the “sequence of blocks” strategy but also an “ascending strategy” indicated by longer fixations at hand-holds 7, 11, 16, and 21 compared to other ones (see Figure 1). The “ascending strategy” is characterized by directing the gaze starting from below and then straight upwards, finishing the preview on the highest hold. Through this strategy, participants seem to inspect the most important (“key”) holds of the wall and their respective features (e.g., shape, orientation, size) in order to infer how reach, graps, or use them during route execution (Grushko and Leonov, 2014; Seifert et al., 2017).

More specifically, we firstly suggest that the time of route previewing provided climbers an opportunity to enrich their planning of perceptions (i.e., perceived events) and actions (i.e., to-be-produced events), leading to a decreased performance time in the climbing sequence. We reasoned that climbers exploited longer fixations on some “key” holds during the initial viewing of the route, based on their motor repertoire accumulated in climbing environments (i.e., action possibilities for long-term planning; see Rietveld and Kiverstein, 2014). Therefore, past climbing experiences could guide the gaze of climbers toward the relevant holds of the climbing wall during route previewing, even when they were not moving (i.e., an offline action specific effect on perception; Schütz-Bosbach and Prinz, 2007). This effect is relevant for an understanding of what is simulated during the pre-planning phase and adds to previous work that focused on climbing (e.g., Pezzulo et al., 2010; Bläsing et al., 2014).

Second, we argue that the holds more fixated on during route previewing were used during the execution of the route because the perception of these holds helped climbers to identify specific targets during “route reading” and to plan the forthcoming actions required to climb it, also before climbing the route (Seifert et al., 2017). From this view, the initial observation of climbing holds would evoke the corresponding reaching and/or grasping actions needed to effectively ascend the route (Vainio et al., 2008). Therefore, the initial observation of a climbing wall would activate a motor simulation of specific climbing movements, providing climbers with a prior estimate of their action possibilities to climb the wall (Pezzulo et al., 2010). Importantly, the present climbing study is – to the best of our knowledge – the first to use analyses establishing the direct relation between gaze (holds looked at; see Figure 3) and motor execution (holds used; see Figure 4). By analyzing the conditional frequencies and mean fixation times, this study demonstrates the functional connection of gaze behavior and motor execution.

Third, embodied planning strategies in climbing, such as how often and how long holds were looked at and used during route execution, were related to experience (years of training). Results revealed that, with more experience, climbers looked at holds not used for significantly shorter times and climbed faster. Indeed, a significant correlation was found between experience and fixation times on holds not used. Thus, the years of training were positively correlated to their visual and motor performance when climbing the wall. With these data, we argue that a refinement between visual information and movement patterns emerged in the experienced climbers of this study as a consequence of repeated expositions to specific routes and actions performed in climbing environments. It seems that more experienced climbers, in contrast to less experienced climbers, have learned which stimuli (here, hand-holds) are more informative than others for their overall goal of successfully ascending the climbing wall. This finding can be interpreted in the light of the “education of attention,” a frequently reported learning process resulting in the specification of informational stimuli and information pick-up (van der Kamp and Renshaw, 2015). As a result, these specific experiences would lead to the benefit of a better interpretation of the climbing-route information available prior to climbing the wall because they enable the experienced climbers to focus more on the respective function of the information (Boschker et al., 2002). Previously, Hacques et al. (2021) found that both exploratory hand movements and visual activity of intermediate climbers were used to gather information about different climbing routes. Specifically, these climbers displayed fewer fixations, decreased the number of fixated areas of interest, and performed less exploratory hand movements following a learning period on a climbing wall. The authors reasoned that these findings could reveal a reorganization of climbers’ gaze behavior with learning in a more structured order to better guide their forthcoming climbing actions.

Altogether, the visual behavior of climbers with more experience in this study seems to be more economical and focused on some hand-holds that are more informative than others (i.e., related to the overall goal of successfully ascending the climbing wall), compared to the visual patterns of climbers with less experience. Therefore, the expertise of climbers, gained after years of practice and training in indoor climbing, drove their gazes effectively to the relevant stimuli available in this specific environment. Additionally, expert rock climbers show not only a better cognitive processing of perceptual information but also a better visual “hardware” as indicated by a psychophysical optical tests (Marcen-Cinca et al., 2022).

These expertise differences between athletes of different skill levels regarding fixation location and fixation duration have been previously tested within the expert/non-expert paradigm (Mann et al., 2007; Gegenfurtner et al., 2011). For example, Gegenfurtner et al. (2011) found that expert athletes displayed shorter fixation durations, fixating more frequently at task-relevant areas and less on task-redundant areas, compared with non-experts. Similarly, Mann et al. (2007) concluded that expert performers´ eye movements were characterized by fewer fixations of longer duration than less skilled experts. Within the sport of climbing, a discriminating variable of the skill level of climbers has been the visual information they focus on. For example, Seifert et al. (2017) claimed that expert climbers used the time of route previewing more efficiently to link the visual information about reachable and graspable holds of a climbing wall with accurate climbing movements. These differences in visual search strategies have been also found in climbing coaches of different skill levels because experts fixated mostly at relevant aspects of a climber’s movement, using fewer fixations of greater duration, compared to the novice climbers (Mitchell et al., 2020). Recently, Medernach et al. (2024) argued that skilled climbers in indoor climbing had superior memory abilities to remember more climbing holds and movements driven by better mental visualization and enhanced visual attention to functional aspects of boulders.

Before concluding, we would like to acknowledge the potential limitations of this study. First, our sample size was not very large but is close to the average of 20.6 participants that we found from reviewing 60 studies on natural visual search behavior in sports (Kredel et al., 2017). In addition, other past climbing studies with gaze measures used the same number of climbers as our study (N = 18 in Seifert et al., 2017) or even fewer (N = 12 in Nieuwenhuys et al., 2008). Therefore, it would be interesting in future studies to test whether the significant differences found with this small sample of climbers would remain for a higher number of participants. In line with this, the use of larger samples of climbers with major homogeneity regarding their climbing experiences in future climbing research designs, both in years and frequency of training per week, would ensure the testing of more reliable correlations between (visual and motor) climbing performance, holds looked at/not looked at, and holds used/not used.

Second, it can be argued that bodily information may be an important factor for climbers to succeed in pre-planning a route. Our measures did not allow us to quantify the body movement during the pre-planning phase, and we did not specifically instruct participants to use or not use their bodies, so we believe participants engaged their routine behavior. In future studies that go beyond our current investigations of gaze strategies during the pre-planning phase, it maybe worthwhile to quantify bodily composition, capability, and movements of climbers, relating them to the climbing performance.

Third, we used different numbers of deceptive and target holds in our setting that may reflect the realistic and valid situation that multiple ways in planning a route are potentially good, resulting in more target holds and fewer deceptive holds. However, it could be argued that using 10 target holds and four deceptive holds might produce an effect that a climber who uses all target holds to reach the goal will potentially look at more target holds compared to deceptive holds. This effect could be systematically investigated in future studies using different relations of target and deceptive holds.



Conclusion

The present study shows that the pre-planning processes captured through visual search behavior inform the motor execution when climbing a route. In addition, this study is the first to provide empirical evidence on the proposed link between perceptual-cognitive processes of an initial planning phase and motor processes when executing the plan (i.e., embodied planning in climbing; see Musculus et al., 2021). The findings presented here reinforce the contribution of previous specific motor experiences on action perception (Beilock, 2008), known as the “motor experience hypothesis” (Cañal-Bruland et al., 2010) and often discussed in the context of embodiment in sports (Raab, 2017). Specifically, the accumulation of climbing experiences enhanced climbers´ action-perception coupling, enabling them to find hand-holds for better route completion.
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This study investigated whether performance of an interceptive skill requires an intact visual-perception-action cycle. Eleven skilled male Australian rules football athletes (Mage = 17.54, SD = 0.15) were recruited from an elite developmental pathway squad for a within-subject study. Participants were required to kick a ball directly at a goal from a 20-meter distance while wearing a pair of stroboscopic glasses. The glasses were used to create four vision conditions. Condition one kept intact the visual-perception-action cycle with uninterrupted vision of the motor skill. Three other conditions included stroboscopic vision that presented temporal samples of vision, which interrupted the perception-action cycle through progressive increases to intermittent vision occlusion of the motor skill. Goal kick error of ball position relative to a central target line within the goal and number of successful goals kicked were measured. Written report of internal and external focus of attention was also measured after each vision condition. Generalized estimating equation analysis did not reveal a significant decrement in kick target error, nor accuracy of goals scored, across normal to stroboscopic vision conditions. Performance was maintained despite a shift in attention focus from external to internal across normal to stroboscopic vision conditions. These findings have theoretical and practical implications for the visual regulation of skilled interceptive actions.
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1 Introduction

The use of visual-perceptual information to guide action is crucial to a variety of motor skills including interception of a ball with a foot or by hand using an implement in sports (Hodges et al., 2021). Expertise and motor learning researchers are interested in understanding the mechanism that underpins visual-perception-action of these complex motor skills because they are executed in challenging contexts (Morris-Binelli and Müller, 2017). For example, a soccer penalty taker, attempting to score against the opposition goalkeeper, needs to use visual information to guide their run toward the ball and intercept it with spatiotemporal accuracy, as well as force, to launch it past the keeper into the goal to score (Tomeo et al., 2013). Knowing how the brain uses visual information to control such complex skills contributes to theoretical advancement, which will provide a strong foundation for future training and development of perceptual-cognitive-motor skills.

Visual control of action can be explained from three theoretical perception-action loops. First, open-loop control states that temporal samples of visual information in the environment guide ballistic type actions when there is no time for adjustments (Adams, 1971; Schmidt et al., 2019). Second, closed-loop control also states that temporal samples of visual information from the environment are used, but adjustments to ongoing action occur if the time constraints permit (Elliott et al., 2001, 2020). Third, continuous perception-action cycle based control states that visual-perception informs action, and on-going action further informs perception to achieve the skill goal (Magill and Anderson, 2021). It is unclear whether a seamless intact perception-action cycle that allows visual information to synchronize with on-going movement is crucial for successful completion of the skill goal. Expertise and motor learning researchers have manipulated visual information during complex in-situ sports skills to understand how spatiotemporal visual information is used for action.

The duration of visual information for action has been manipulated through the use vision occlusion glasses worn by the performer (Milgram, 1987). Elliott and colleagues (see Elliott and Bennett, 2020) have conducted research where intermittent visual information of a projected ball was presented during one handed catching. The main finding from these series of studies is that intermittent visual samples, rather than continuous vision, of ball flight information is sufficient to maintain catching performance. For complex whole body sports skills expertise, Abernethy et al. (2001) were the first to investigate whether temporal pick-up of visual information available prior to object flight (known as advance cues) could be used for action control. In simulated squash matches, vision of highly skilled and lesser skilled performers was occluded prior to the opponent’s racquet-ball contact. Results revealed that highly skilled players were superior to lesser skilled players at moving into court position when preparing to intercept the ball. Accordingly, Abernethy et al. (2001) provided evidence that advance visual information could be used in open-loop fashion to control complex whole-body positioning in sport. Subsequent studies that used occlusion glasses, or props to occlude pre-object flight cues, have confirmed the contribution of advance visual information, aligning with open-loop control, for positioning the body for interception in tennis return of serve (Farrow and Abernethy, 2003), cricket batting (Müller et al., 2009), and ice hockey goal tending (Panchuk and Vickers, 2009). Further, through comparison of temporal visual occlusion during early sections of object flight to a no occlusion control condition that presented all object flight, highly skilled cricket batsmen and ice hockey goaltenders could make fine adjustments to their bat or stick to intercept a ball or puck, respectively (Müller and Abernethy, 2006; Müller et al., 2009; Panchuk and Vickers, 2009). This indicates that experts can make fine adjustments based on later occurring components of complex whole-body skills, which aligns with closed-loop and perception-action cycling accounts of action control.

More recently, stroboscopic glasses that present a fixed duration of vision for 100 milliseconds, within cyclical periods of visual occlusion that vary in duration, have been used to investigate visual control of action. Fransen et al. (2017) investigated junior soccer players dribbling efficiency across a course under normal and stroboscopic vision conditions. Fransen et al. reported that faster dribblers had a greater decrement in time to course completion and ball control accuracy compared to slower dribblers when vision was increasingly restricted. Furthermore, Beavan et al. (2020) investigated whether amateur soccer players could complete a ball reception and pass test across normal and stroboscopic vision conditions. Stroboscopic vision caused a decrease in test completion time and accuracy. Both these studies indicate that for junior and amateur players, continuous visual information for action is necessary to maintain performance of dribbling or repetitive kicking sports skills. These findings could be because at such skill levels predictive capability of action is not sufficiently developed to guide and/or adjust performance. Accordingly, it is unclear whether cyclical interruptions to visual-perception-action will impede performance in skilled athletes who as mentioned earlier have superior predictive capability. In addition, it is unclear whether temporal samples of visual information can be used to guide action in closed sports skills. Therefore, further investigation of how visual-perception-action cycling influences complex skills in higher level sports players is needed.

Given that vision and proprioceptive information are used during motor skill performance, with the former the dominant sensory modality (Lee and Aronson, 1974; Elliott and Bennett, 2020), occlusion paradigms may alter in part (if not in whole) a performer’s attentional focus. External focus refers to attention that can be directed by a performer, such as a batter, to advance cues from an opponent pitcher or bowler, and by a penalty taker to the intended goal location of a soccer ball (Wulf et al., 2001). Alternatively, internal focus refers to attention that can be directed by a performer to aspects of the movement pattern used to strike or kick a ball (Wulf et al., 2001). The constrained action hypothesis predicts that internal focus of attention will de-automatize skilled movement patterns and result in a decrement in skilled performance (Wulf et al., 2001). Accordingly, studies that have manipulated performer external and internal focus by experimenter instructions of what to focus attention on report that internal focus results in decreased performance in sports skills such as golf putting (Beilock et al., 2002; Klostermann et al., 2014; An and Wulf, 2024), volleyball passing (Singh and Wulf, 2020), slalom skiing (Wulf et al., 2001), and cricket ball striking (Bull et al., 2022). More recently, in line with meshed control theory, which predicts that conscious and automatic processes can work synchronously during motor skill performance (Christensen et al., 2016), skilled golfers can switch attention from external to internal focus prior to ball-putter contact without a performance decrement (Wang et al., 2021). Accordingly, some internal focus could draw attention toward task-related proprioceptive information, which as mentioned earlier, contributes in part to motor skill performance (Herrebrøden, 2022). Stroboscopic glasses present a method where through decreased occlusion cycling and therefore increased vision, attention may partly be drawn externally, or through increased occlusion cycling and decreased vision, attention could be drawn more internally. Such a methodology presents a more direct way for the experimenter to induce internal or external attention focus compared to direct instruction of where to focus attention, which may have inherent experimental bias and inconsistency of data collection. Previous studies that manipulated internal and external attentional focus across vision and no-vision conditions have reported that complete availability of vision did not along with attention focus influence performance (Abdollahipour et al., 2016; Saemi et al., 2017). This suggests that visual information and attentional focus instructions operate independently to guide performance. However, such strictly manipulated attentional focus and vision conditions do not take into account the dynamic nature of attentional shifts that may contribute to visual control of action in expert performance (Wang et al., 2021; Herrebrøden, 2022). Having a method that can consistently create a partial focus of attention could determine how such manipulations influence skilled performance in sport skills (Wang et al., 2021; Herrebrøden, 2022).

The present study used the set shot kick in Australian football as the exemplar perceptual-motor skill to explore how visual information regulates action and how attentional focus might influence performance. The set shot, a similar skill to an National Football League punt where the ball is guided by one hand to be intercepted with their foot and kicked toward goal, is a key goal scoring option where an offensive player catches the ball (known as a mark), and from a standing start, runs toward, and kicks at the goal over an opposition player standing where the ball was marked (Mesagno and Mullane-Grant, 2010; Blair et al., 2020). The objective is to kick the ball between the two center posts to score six points, with a single point resulting when the ball is kicked between either of the two outer scoring sections. A complete miss of all sections results in a score of zero. We created conditions where the performer (kicker) wore a pair of stroboscopic glasses, then executed set shots under normal uninterrupted vision, and increasing cyclical occlusion-to-vision conditions. Based upon the literature discussed above, three hypotheses were formulated. First, if temporal samples of visual information were sufficient to control action, kicking accuracy would not decrease across uninterrupted (normal) to stroboscopic vision conditions. Second, if continuous perception-action cycling was critical for visual control of action, kicking accuracy would decrease from uninterrupted (normal) to stroboscopic vision conditions. Third, a shift in written report of attention from external to internal focus would occur as vision occlusion increased and this would result in a decrease in kicking accuracy.



2 Materials and methods


2.1 Participants

Eleven skilled male footballers were recruited from an Australian rules football elite developmental pathway team. These participants formed a current group of emerging expert players in the region of their state, which is consistent with the sport expertise literature (Connor et al., 2018). The mean age of players was 17.54 years (SD = 0.15, age range: 17–18 years). Based upon our generalized estimating equation analysis (see data analysis section), an a-priori power analysis conducted in G*Power (Version 3.1.9.7) with α = 0.05, 80% power, and 95% confidence interval, for a repeated measures analysis, indicated that 40 trials per participant (440 trials in total) could detect a small effect size. Participants volunteered for the study and provided written informed consent, with ethics approval obtained from the lead institution (permit number E21-004).



2.2 Materials and procedure

Participants wore Senaptec stroboscopic glasses (Model 26125) to create four vision conditions and completed set shot kicks at goal (see Mitroff et al., 2013 for details on glasses). Condition 1 (hereafter called normal vision) consisted of the glasses being worn, but were not activated, which provided clear vision of the run-up, kick action, and goal. Conditions 2, 3, and 4 consisted of the glasses being activated to Strobe settings 1 (67 ms), 5 (344 ms), and 8 (900 ms), occlusion time, respectively. The strobe feature involved the glasses cycling intermittently from a clear state that provided vision of the environment to an opaque state that occluded vision, with the clear state consistently 100 ms, and the opaque state set at 67 ms, 344 ms, and 900 ms for settings 1, 5, and 8, respectively (Mitroff et al., 2013). These pre-determined settings were selected by the experimenters to progressively increase cyclical intermittent vision occlusion time.

During the task, participants performed a set shot kick with an Australian football (oval shaped ball) at a vertical target ribbon located in the middle of a simulated Australian football goal (see Figure 1 for experimental set-up). Participants were instructed to kick at the ribbon using their normal set shot routine. The rationale for these instructions is that recent literature indicates that attentional focus is dynamic during the preparation to execution time course of motor skills, rather than being fixed as external or internal focus per se (Wang et al., 2021; Herrebrøden, 2022). Participants were permitted a 10-meter run-up and then kicked over an adult size mannequin that was positioned 20 meters from and directly in front of the goal in an indoor sports center. The mannequin simulated an opposition player standing in the position where the mark was taken. In a game, set shot kicks can be executed from directly in front of the goal face, so our task was representative of a typical Australian football game (Mesagno and Mullane-Grant, 2010; Blair et al., 2020). A Go-Pro camera (model HERO9 Black) sampling at 50 frames per second was positioned behind the mannequin to capture where the kicked ball entered the scoring area relative to the vertical target. Condition and trial number cue cards, as well as a calibration distance measure were filmed in the camera field of view. Footage was imported into Kinovea (version 0.8.15) software where a calibrated frame-by-frame analysis was conducted to calculate target error and to determine whether a goal or point was scored.
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FIGURE 1
 Schematic diagram (aerial view) of the experimental set-up for the study. The participant started in a stationary position (position ×), ran toward, and kicked the ball over a mannequin toward the vertical target line. The inside pillars represented the goal posts, and the outside pillars represented the point posts. The camera captured the ball position relative to the target line and whether a goal or point was scored. The calibration line was used to scale error measurements and cue cards were used to record condition/trial numbers.


Prior to beginning the task, participants completed an Australian football specific physical warm-up and completed five set shot kicks without the stroboscopic glasses. Thereafter, participants completed 10 kicking trials in a block under each of the four vision conditions, which were counterbalanced across participants. The experimenter manually changed the settings on the glasses to correspond to the relevant vision condition prior to each new vision condition. After each kick, participants walked back to their starting position and were handed the ball by the experimenter for the next trial. At the completion of each vision condition block of trials, participants answered the following attention focus question by ticking a box in a booklet: “Where did you focus most on the last block of set shot kicks, on the target line or on my technique?.” Self-report of attentional focus has been previously used in the literature (e.g., Wang et al., 2021). Participants were given 1–2 min break between vision condition blocks of trials to complete this question and for a small rest period.



2.3 Data analysis

The four primary dependent measures were mean absolute, constant, and variable error from the target as well as kick score. Absolute error from the target on the video record was determined by calculating the distance in centimeters from the middle of the ball to the closest point on the vertical target in the middle of the goal when the ball hit, or was alongside, the target (Magill and Anderson, 2021). Constant error was calculated as a signed deviation of absolute error with negative and positive values indicating kick error to the left and right of the ribbon, respectively (Magill and Anderson, 2021). Variable error was calculated as the standard deviation of constant error (Magill and Anderson, 2021). Kick score was determined by whether the ball traveled through the simulated goal or point scoring zones. The secondary dependent measure was external (i.e., on the target line) or internal (i.e., on technique) focus of attention. Five separate Generalized Estimating Equation (GEE) analyses were run to compare the dependent variables with vision condition as a fixed effect and individual participants included in the model as a repeated factor. As target error is a continuous measure, a linear GEE model was used and residuals were checked to be within ±3.29 for skewness and kurtosis (Ballinger, 2004; Field, 2013). For kicking accuracy and attention focus, which are dichotomous variables, binary logistic GEE models were used. These models do not require normality of residuals (Ballinger, 2004). GEEs were used as they allow for the correct modeling of repeated observations and can accommodate non-normally distributed data (Ghisletta and Spini, 2004). Alpha level was set at 0.05 and Holm-Bonferroni corrections were applied for follow-up post-hoc comparisons (Ballinger, 2004; Ghisletta and Spini, 2004).




3 Results


3.1 Target error

Figure 2 graphs the kick mean absolute error from the vertical target in the goal relative to normal and stroboscopic vision conditions. GEE found no significant difference in set shot kick mean absolute error across normal and stroboscopic vision conditions, ꭓ2 (3) = 3.45, p = 0.328. There was also no significant difference across stroboscopic vision conditions for mean constant error (Normal vision, M = 32.31 cm, SD = 170.16 cm; Strobe 1, M = −0.73 cm, SD = 193.01 cm; Strobe 5, M = 46.78 cm, SD = 194.28 cm; Strobe 8, M = 32.19 cm, SD = 223.87 cm), ꭓ2 (3) = 2.68, p = 0.445, and variable error (Normal vision, M = 144.14 cm, SD = 40.86 cm; Strobe 1, M = 160.62 cm, SD = 58.74 cm; Strobe 5, M = 170.47 cm, SD = 55.75 cm; Strobe 8, M = 183.95 cm, SD = 81.39 cm), ꭓ2 (3) = 4.76, p = 0.190.
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FIGURE 2
 Absolute set shot kick error from the target (zero) in the goal under normal and stroboscopic vision conditions. Error bars represent standard deviations.




3.2 Kicking accuracy

Figure 3 graphs the absolute percentage of goals and points scored relative to normal and stroboscopic vision conditions. GEE for kicking accuracy was significant, ꭓ2 (3) = 8.08, p = 0.044. However, post-hoc comparisons revealed no significant difference in the proportions of goals and points scored across normal to stroboscopic vision conditions (p > 0.05).
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FIGURE 3
 Absolute percentage of goals and points scored from the set shot kicks under the normal and stroboscopic vision conditions. Error bars are not plotted, as these are absolute values.




3.3 Attentional focus

Figure 4 graphs the absolute percentage of reported external and internal focus relative to normal and stroboscopic vision conditions. GEE for attention focus was significant, χ2 (2) = 2930.72, p < 0.001. The source of the main effect was that Strobe 1 was significantly different to Strobe 8, p = 0.015. There was no significant difference in the proportions of attention focus between normal vision and Strobe 1, 5, and 8, as well as between Strobe 1 and 5, and Strobe 5 and 8, p > 0.05. Although, differences in proportions of attention focus approached significance between normal vision and Strobe 8 conditions, p = 0.061.
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FIGURE 4
 Absolute percentage of external and internal focus of attention under normal and stroboscopic vision conditions. Error bars are not plotted, as these are absolute values.





4 Discussion

This study set out to investigate how skilled athletes use visual-perceptual information to guide action in a complex exemplar skill of the set shot kick in Australian football. Stroboscopic glasses worn by the performer allowed manipulation of vision from normal to intermittent occlusion cycling conditions that interrupted the continuous perception-action cycle. The findings contribute to the growing evidence of whether a continuous uninterrupted perception-action cycle is necessary for skilled performers to utilize visual information to guide action. In addition, the study provided evidence of athletes reporting shifts in their attentional focus when moving from normal vision to intermittent occlusion conditions, and how these shifts influenced their skill performance. Collectively, the findings contribute to furthering theoretical knowledge of visual regulation of action and associated attention focus of skilled perceptual-cognitive-motor skill.

Based upon open and closed-loop theory accounts of perceptual-motor control, the first hypothesis predicted that temporal samples of visual information would be sufficient to guide set shot kick performance. Alternatively, based upon perception-action cycling accounts of motor control, the second hypothesis predicted that interruption of the vision-to-action cycle would decrease set shot kick performance. The first line of evidence revealed that kick target absolute, constant, and variable error (or local accuracy) did not change significantly across normal to stroboscopic vision conditions (see Figure 2). However, descriptively, variable error increased across normal vision to strobe 8 conditions suggesting that consistency of kick accuracy decreased as vision occlusion increased. A possible explanation is that increased vision occlusion may have resulted in minor delays of mapping temporal samples of visual information to limb positioning during the kicking action (Elliott and Bennett, 2020). Nonetheless, support for hypothesis one, but not two, was forthcoming. Skilled athletes in our study could use temporal samples of visual information to guide their run toward the mannequin to a kick position and guide the ball with their hand to be intercepted with their foot, to direct the ball over the mannequin at a target approximately 25 meters away from where it was kicked. This is consistent with the previously reported use of temporal samples of visual information to time positioning of the limb in one handed catching (Elliott and Bennett, 2020). Our study goes beyond that literature to demonstrate that temporal samples of visual information for action control is in line with previous expertise studies that have reported temporal pick-up of visual information for whole body positioning to intercept a ball in striking sports (Abernethy et al., 2001; Müller et al., 2009). Therefore, a continuous intact perception-action cycle does not seem necessary for local aiming (target error) at a target.

The second line of evidence supporting hypothesis one, and not hypothesis two, is that the proportion of goals and points scored did not change significantly across normal to interrupted vision conditions (see Figure 3). This indicates that temporal sampling of visual information to guide action did not impede the spatiotemporal interception of the ball by foot during the kick action for its resultant goal scoring opportunity. Again, this evidence is in line with temporal sampling of visual information to guide global performance in terms of the number of balls caught in the one handed catching literature (Elliott and Bennett, 2020). This evidence is also consistent with temporal sampling of object flight to intercept a ball accurately with a bat, or a puck with a glove or stick, respectively (Müller et al., 2009; Panchuk and Vickers, 2009). It is possible that temporal visual sampling may have been used to make fine adjustments to the kick run-up and/or ball-foot interception, as reported in striking sports (Müller et al., 2009; Panchuk and Vickers, 2009), but this requires investigation in follow-up studies. Our findings are not consistent with previous studies that reported decrements to performance in junior and amateur players (Fransen et al., 2017; Beavan et al., 2020). A possible reason is that at junior and lesser skilled levels, players may not have developed the capability to predict future events based upon temporal visual samples and require continuous visual feedback (Fransen et al., 2017). This also requires further investigation in future work where skill level is manipulated in the same task. Therefore, again, a continuous perception-action cycle was not necessary to maintain the global accuracy requirements of the motor skill in this study for skilled participants.

Broadly, internal focus of attention on a movement pattern has been associated with decreased performance compared to external focus upon environmental information or action effects (Wulf et al., 2001). Hypothesis three predicted that a change in self-reported attention focus from external to internal would result in a decrement to performance. As mentioned, there was no accompanying significant increase in local accuracy (target errors) or significant decrease in global accuracy (goals scored) across vision conditions (see Figures 2, 3), despite there being a significant change to predominantly internal focus of attention as vision occlusion increased from Strobe 1 to 8 (see Figure 4). There are two possible explanations for this. First, perhaps skilled athletes in our study had the intricate capability to switch attentional focus at a critical moment of skill phase (e.g., ball-foot impact) to maintain performance as has been reported in golf putting (Wang et al., 2021). Our questions probed allocation of attentional focus in a dichotomous perspective, which did not account for attentional switching. Second, participants’ reported focus on technique may have been on proprioceptive control (Elliott and Bennett, 2020), rather than conscious focus or conscious control upon isolated components of the movement pattern in the kick. Given the intermittent nature of occlusion-to-vision cycling of the stroboscopic glasses, it is possible that temporal samples of visual information created a shared attention focus between external environmental and internal technique information despite written reports (Herrebrøden, 2022). Accordingly, intermittent sampling of visual information for action may be accompanied by dynamic attentional focus shifts, rather than previous conceptualization as static (or fixed) attentional focus during skill execution (Abdollahipour et al., 2016; Saemi et al., 2017). Collectively, these explanations warrant further research investigation, particularly since it is possible to shift attentional focus through manipulation of vision using stroboscopic glasses.

The theoretical implication of this study is that it contributes to furthering knowledge of visual regulation of complex interceptive action. The findings contribute to a growing body of evidence in open sports skills (Abernethy et al., 2001; Panchuk and Vickers, 2009; van Soest et al., 2010) that temporal samples of visual information also appear sufficient to maintain skilled performance in a closed sports skill. A reason why temporal samples of visual information are sufficient for action control is because a performer is faced with a multitude of sensorimotor information. That is, at any given time of complex open or closed sports skills, performers are faced with an array of visual, proprioceptive, and haptic information (Elliott and Bennett, 2020). The neuromotor system can only use a select amount of this sensorimotor information at particular instances in time to predict future environmental states and couple body action to complete the skill goal (Elliott and Bennett, 2020). Selection of sensorimotor information may also require dynamic shifts in attentional focus to maintain performance. Therefore, knowing that temporal samples are sufficient for action control presents opportunities for challenging practice and selective guidance of sensory information to accelerate perceptual-cognitive-motor skill.

Standard practice of interceptive sports skills is typically conducted under normal uninterrupted vision conditions. While this is representative of the sensory condition that motor skills are performed under in competition, there has been recent interest of whether visual occlusion paradigms can challenge visuomotor skill to accelerate performance. Initial intervention studies using stroboscopic vision training have reported improvements to skate and pass accuracy in ice-hockey (Mitroff et al., 2013), and that it might contribute to batting practice performance in baseball (Liu et al., 2020). The findings from our study suggest that stroboscopic glasses could be used as a screening tool for sports skills. For example, normal and stroboscopic vision conditions could be designed to determine whether athletes can use temporal visual samples to execute skills and how attentional focus is allocated during skill execution. This would provide information to guide design of visual-perceptual and/or proprioceptive-based attention focused training interventions to enhance skill performance (Mulligan and Hodges, 2014; Brenton et al., 2019).



5 Conclusion

The task designed for this study interrupted the perception-action cycle during a complex interceptive skill and found that temporal sampling of visual information, as well as combined internal and external focus of attention were sufficient to maintain performance. This indicates that a continuous intact perception-action cycling is not necessary for proficient perceptual-cognitive-motor skill. A potential limitation is that the number of kicks per vision condition was 10. However, our approach was to reduce any potential for athlete injury from increased number of kicks in a single session by ensuring that the statistical analysis was adequately powered. Future research could build upon our study in two main ways. First, written report of attentional focus under normal and stroboscopic vision could be expanded to probe whether external focus (i.e., proximal or distal, initial ball kick path or goal location, respectively), internal focus (technique or proprioceptive ‘feel’ of the movement) or combinations of both contribute to maintaining interceptive skill performance. This would contribute to concerns raised in the literature that all forms of internal focus may not be a limiting factor to performance (Herrebrøden, 2022). Second, an intervention study including normal and stroboscopic vision conditions is needed to determine whether complex open and closed motor skill performance can be accelerated. While initial attempts have been made to probe this question, stroboscopic training has been mixed with general visual skills training making it difficult to delineate causality (Liu et al., 2020). Both these future research directions will contribute to advancing the theoretical underpinning of visual control of action and how it can be enhanced.
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Introduction: Theoretical considerations on motor imagery and motor execution have long been dominated by the functional equivalence view. Previous empirical works comparing these two modes of actions, however, have largely relied on subjective judgments on the imagery process, which may be exposed to various biases. The current study aims to re-examine the commonality and distinguishable aspects of motor imagery and execution via a response repetition paradigm. This framework aims to offer an alternative approach devoid of self-reporting, opening the opportunity for less subjective evaluation of the disparities and correlations between motor imagery and motor execution.
Methods: Participants performed manual speeded-choice on prime-probe pairs in each trial under three conditions distinguished by the modes of response on the prime: mere observation (Perceptual), imagining response (Imagery), and actual responses (Execution). Responses to the following probe were all actual execution of button press. While Experiment 1 compared the basic repetition effects in the three prime conditions, Experiment 2 extended the prime duration to enhance the quality of MI and monitored electromyography (EMG) for excluding prime imagery with muscle activities to enhance specificity of the underlying mechanism.
Results: In Experiment 1, there was no significant repetition effect after mere observation. However, significant repetition effects were observed in both imagery and execution conditions, respectively, which were also significantly correlated. In Experiment 2, trials with excessive EMG activities were excluded before further statistical analysis. A consistent repetition effect pattern in both Imagery and Execution but not the Perception condition. Now the correlation between Imagery and Execution conditions were not significant.
Conclusion: Findings from the current study provide a novel application of a classical paradigm, aiming to minimize the subjectivity inherent in imagery assessments while examining the relationship between motor imagery and motor execution. By highlighting differences and the absence of correlation in repetition effects, the study challenges the functional equivalence hypothesis of imagery and execution. Motor representations of imagery and execution, when measured without subjective judgments, appear to be more distinguishable than traditionally thought. Future studies may examine the neural underpinnings of the response repetition paradigm to further elucidating the common and separable aspects of these two modes of action.
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1 Introduction

The concept of motor imagery (MI), which involves mentally simulating body movements without any physically overt motor output, has long been linked to motor execution (ME; Jeannerod, 1995; O’Shea and Moran, 2017). Johnson (1982) initially illustrated the interference effect between MI and ME when both were disrupted by alternative tracking tasks. Since then, numerous studies have consistently highlighted the parallel characteristics of MI and ME, both in behavioral performance and the corresponding brain regions.

Evidence supporting the equivalence of MI and ME is found in various behavioral tasks. For example, studies involving drawing and writing tasks have shown that participants exhibit comparable task durations when merely imagining or actually performing the task (Decety et al., 1989). Moreover, a linear relationship exists between mental and physical efforts and autonomic responses, such as heart rate and pulmonary ventilation, during imagined or actual locomotion tasks (Decety et al., 1991). Notably, MI training has proven effective in enhancing performance in sports (Morone et al., 2022; Lindsay et al., 2023), surgical skills (Sapien and Rogers, 2010; Goble et al., 2021), muscle strength (Sidaway and Trzaska, 2005; Paravlic et al., 2018), and even improving motor function in individuals with various movement deficits, such as those with cerebral palsy (Cabral-Sequeira et al., 2016; Gentile et al., 2024), post-stroke patients (Page et al., 2001; Monteiro et al., 2021), and Parkinson’s disease patients (Tamir et al., 2007; Caligiore et al., 2017).

In addition to behavioral studies, neuroimaging research has identified overlapping brain regions for MI and ME, which include the primary motor cortex (M1; Munzert et al., 2009), premotor cortex (PMC; Gerardin et al., 2000; Hétu et al., 2013; Ridderinkhof and Brass, 2015), supplementary motor cortex (SMC; Lotze et al., 1999), cerebellum (Gerardin et al., 2000; Ridderinkhof and Brass, 2015), basal ganglia (Gerardin et al., 2000; Ridderinkhof and Brass, 2015), and posterior parietal cortex (PPC; Ridderinkhof and Brass, 2015). Electrophysiological data also reveal common motor-related sources in both MI and ME, characterized by event-related desynchronization (ERD) in the alpha band during cue-driven motor tasks (Pfurtscheller and Neuper, 1997; Brinkman et al., 2014; Duann and Chiou, 2016), as well as similar beta suppression in both modalities (Burianová et al., 2013). These findings support the notion of functional equivalence between ME and MI and provide insights into how MI can influence subsequent motor performance.

However, studying MI presents substantial challenges due to its covert nature, as it requires participants to construct mental scenarios without performing any observable actions. This often forces MI studies to depend on participants’ self-reports in which they make conscious and subjective claims directly about the mental scenarios, leading to various complexities and potential inconsistencies in the research outcomes. One commonly used measure in MI research is the reported duration of MI (Guillot et al., 2012). Participants are instructed to mark the onset and offset of both imagined and actual actions, often by using a stopwatch in what is known as the mental chronometry approach (Posner, 2005). The time interval between these timestamps serves as the operational definition of performance duration, demonstrating reliability in accessing MI (Malouin et al., 2008). However, conclusions drawn from this “subjective” paradigm have yielded inconsistent results (Guillot et al., 2012). Some studies have reported equivalence between MI and ME in tasks involving gross motor control (arm movement: Gentili et al., 2004, walking: Papaxanthis et al., 2003) and fine motor control (drawing and writing: 4), Conversely, other studies have found the opposite pattern (Reed, 2002; Calmels et al., 2006; Louis et al., 2011). For example, biases in overestimating short durations and underestimating long durations (Wearden, 2003) have been found when estimating duration for MI compared to ME (Calmels et al., 2006). Additionally, durations of MI and ME for the same action are equivalent in aroused but not relaxed state (Louis et al., 2011).

The discrepancies observed can be partly attributed to biases in time perception. Studies have shown that when estimating durations for MI compared to ME, participants tend to overestimate shorter periods and underestimate longer ones (Wearden, 2003; Calmels et al., 2006). This indicates that differences in how MI and ME are processed over time may be significant. Furthermore, the necessity to switch tasks between reporting start and end times and engaging in imagery could delay the process, leading to the overestimation of brief durations. On the other hand, a lapse in attention during tasks that require longer durations might disrupt the imagery process, causing an underestimation in subjective time assessments.

The complexity in understanding the subjective duration of MI in research is further compounded by the demands of various tasks, which can create misleading perceptions influenced by previous experiences. This could potentially skew the perceived relationship between the subjective durations of MI and ME (Decety et al., 1989). Furthermore, explicit verbal knowledge of a motor skill has been shown to disrupt the smoothness of MI and increase its duration relative to ME (Reed, 2002).

In summary, the perceived duration of imagery in MI studies is subject to several influencing factors, including attentional dynamics such as task switching, attentional states, and the modulation of knowledge. These elements, although not directly related to motor control, can significantly impact interpretations of MI and its association with ME. It is crucial for researchers to meticulously acknowledge and mitigate these confounding variables in their investigations of MI to ensure more accurate and reliable conclusions.

The core aim of the present study is to introduce a less subjective method for evaluating the behavioral characteristics of MI through the application of the repetition effect. This effect, a well-documented phenomenon in motor control research, is known for creating short-term stimulus–response bindings across consecutive trials (Bertelson, 1965; Henson et al., 2014). Such binding, when formed in a given trial (n), results in quicker reaction times when overlapped stimulus and response features are encountered in the following trial (n + 1). Unlike the traditional reliance on measuring reported movement duration, the repetition effect provides a less subjective approach to assess the MI process by examining its influence on subsequent motor performance. This paradigm shifts toward using the repetition effect offers a novel way to reduce subjectivity while studying MI, focusing on measurable behavioral changes like reaction time, thereby circumventing the limitations of subjective self-reports.

The phenomenon of “action priming,” characterized by the repetition effect, has been previously observed in MI (Li et al., 2005; Ramsey et al., 2010; Toovey et al., 2021). However, there have been concerns regarding the methodology employed in some of these studies. For instance, Toovey et al. (2021) reported repetition benefits in both MI and motor preparation, but these benefits may have been inflated due to the greater number of repeated prime-probe pairs in their experiment. Additionally, the presentation of prime and probe stimuli in either the left or right visual field introduced the influence of spatial congruency, potentially complicating the outcomes due to attentional orientation (Posner, 1980). In light of these concerns, the present study seeks to address these methodological issues in order to provide a more accurate and less subjective assessment of the behavioral characteristics of MI.

Besides the methodological issues, the inhibitory processes in motor imagery are distinct from the facilitation effects often seen in action priming studies. Studies, including those by Rieger et al. (2017), Bart et al. (2021), and Scheil and Liefooghe (2018), show that MI can lead to slower movement reaction times and both global and effector-specific inhibition, particularly when the same effector is involved in both imagined and executed actions. However, these inhibitory after-effects might be influenced by experimental instructions requiring participants to indicate imagined movement onset and offset, potentially leading to higher effector activity just before MI and introducing inhibitory effects.

Rieger et al. (2017) suggest that inhibition may be coded into the stimulus during MI, affecting action repetition. This effect could be influenced by the experimental setup, especially when visual cues intertwine MI and ME without prior preparation, as noted by Verbruggen et al. (2008). In such cases, the inhibitory process following the visual cue during MI could strengthen the stimulus-inhibition binding. In experiments where participants alternate between MI and ME, uncertainty about the response type can induce reactive inhibitory control, similar to the Go/No-Go paradigm (Rieger and Gauggel, 1999; Verbruggen et al., 2008). However, in practical MI applications, participants are typically well-prepared not to transmit motor commands during MI (Guillot et al., 2012), suggesting that the context and intention in MI significantly influence the nature of inhibitory processes.

The current study aims to verify the theoretical perspective from Jeannerod (1995), which posits similar causal roles and representations between MI and ME. To this end, we employ the “repetition effect paradigm,” a less subjective behavioral approach, responding to previous inconsistencies noted in action priming research (Rieger et al., 2017; Toovey et al., 2021).

One key concern being addressed is the potential boosting of repetition benefits due to unbalanced ratios and attentional orientation. Additionally, the study aims to explore the possibility that repetition costs may be attributed to stronger suppression induced by the measurement process and reactive inhibition. The study takes measures to minimize the influence of attentional factors by avoiding spatial orienting in the central stimuli.

To investigate the nature of MI and its preparatory inhibition, the current study employs a block-design approach. In this design, repetition effects are probed using pairs of imagery-execution or execution-execution trials. By separating MI and ME trials into distinct blocks, participants are made aware in advance whether they should suppress their responses or not. This design helps reveal the pure influence of MI on subsequent execution.

Furthermore, the study employs a speeded-choice task that requires simple key presses in response to central primes and probes. This task is intentionally simpler than those used in previous MI studies, as it eliminates the need for coordination among multiple joints. The aim is to minimize uncontrollable covert attention switching between motor effectors and simplify the motor processing as much as possible.

Based on the functional equivalence hypothesis positing that MI and ME share similar representations and mechanisms, the current study expects the following outcomes:

	i. Significant repetition effects in both MI and ME: This hypothesis is grounded in the idea that both imagined and executed motor actions engage similar neural and cognitive processes. As the repetition effect suggests that repeating a motor task can lead to faster and more efficient processing, observing significant repetition effects in both MI and ME conditions would support the notion that imagining an action and physically performing it involve overlapping cognitive and neural mechanisms. This hypothesis is consistent with theories that posit MI as a functional equivalent to ME in terms of motor planning and execution processes.
	ii. An equivalent magnitude of repetition effect in MI and ME: This hypothesis extends the first by positing not only that repetition effects will be observed in both MI and ME but also that these effects will be of comparable magnitude. This is an important distinction, as it suggests a quantitative equivalence in how MI and ME influence motor processing. If the magnitude of repetition effects is similar across both conditions, it would provide stronger evidence for the functional equivalence hypothesis, indicating that MI and ME may exert similar levels of influence on motor system priming and readiness.
	iii. A significant correlation between the repetition effects observed in MI and ME: The third hypothesis investigates the relationship between the repetition effects observed in MI and ME. A strong correlation would indicate that individuals who exhibit more pronounced repetition effects in ME are likely to show similar effects in MI, and vice versa. This correlation would provide evidence for individual differences in the capacity for motor simulation and execution, suggesting that the cognitive and neural mechanisms underlying MI and ME are not only similar but also interconnected. It would further imply that the ability to effectively engage in MI could be predictive of performance in ME, which could have significant implications for training and rehabilitation programs that utilize MI techniques.

Experiment 1 introduces the repetition priming paradigm to test the functional equivalence of MI and ME. Experiment 2 addresses potential confounders identified in Experiment 1, employing electromyography (EMG) to monitor and control for subthreshold muscle contractions during MI. Additionally, we extend the duration of prime responses to enhance the quality of the imagery process. These refinements aim to yield more reliable and insightful data on the MI-ME relationship.



2 Experiment 1: comparing repetition effects in MI and ME

In this experiment, we employed a forced-choice key-pressing task where the critical independent variables were the identification of prime and probe cues (i.e., repeated and non-repeated) and the type of prime response (i.e., passive observation, mental imagery of movement, or physical execution). The dependent variable of interest was the response time (RT) of the imperative probe response, which serves as an indicator of the after-effects of the prime response when comparing repeated and non-repeated conditions.

Previous research has established that the motor programming process during MI can contribute to the S-R binding (Ito, 1999; Liefooghe et al., 2021). Furthermore, if motor representations are constructed, the S-R binding should elicit facilitation, aligning with the findings of Bertelson (1965). In line with the theoretical framework proposed by Jeannerod (1995), we anticipate observing a repetition facilitation for MI that is equivalent to ME, as opposed to the absence of a facilitation effect associated with mere observation of the stimulus. Furthermore, we hypothesize a correlation between the repetition effects in MI and those observed in ME, suggesting a parallel in the way the brain processes these two modalities of motor planning.


2.1 Materials and methods


2.1.1 Participants

We recruited a total of 32 participants (8 males/24 females) whose ages ranging from 20 to 24 years (M = 21.34 years). Participants were from the student population of National Central University, Taiwan, and were screened to exclude known psychotic disorders or visual perception problems. All participants were strongly right-handed, as indicated by a mean score of 90.6 ± 12.5 on the Edinburgh Handedness Inventory - Short Form (Veale, 2014). The study protocol was approved by the Research Ethics Committee of National Taiwan University, and all participants provided informed consent after receiving a comprehensive explanation of their rights and the study procedures.

To determine the appropriate sample size for our study, we initially analyzed data from the first six participants who each completed a set of counterbalanced trials for every color-response pairing. Utilizing G*Power (Faul et al., 2007) we aimed for an effect size of Cohen’s d = 0.42. This effect size was based on the observed difference between repeated and non-repeated trials specifically within the MI condition. The ideal power was set at 0.80, and the program estimated that 32 participants would be sufficient to reach an actual power of 0.80.



2.1.2 Task, stimuli, and apparatus

For response input, participants used a mechanical gaming keyboard (model MEKA G1, Thermaltake Esports, Taiwan) with a polling rate of 1,000 Hz. The task was displayed on a 23” LED flat panel monitor (AOC I2379VHE) with a vertical retrace rate of 60 Hz. The stimuli consisted of square boxes, each extending 1.5 degrees within the visual angle, presented against a gray background.

The primary task was a three-choice speeded response task, comprising two phases in each condition session (see Figure 1A). The color-response association phase followed a conventional speed-choice task format, including feedback. Subsequently, the main testing phase utilized a modified speed-choice task without feedback. Each trial in the main testing phase featured two target boxes, each of which could be one of three possible colors (i.e., red, blue, or green). These target boxes were separated by a transition box in white (see Figure 1B). Participants were given explicit instructions corresponding to different priming conditions (Perception, Imagery, or Execution) for responding to a first box (prime). Following their prime response, participants were then required to make a physical key response to a second box (probe). The specific key response for the box was imperatively determined by the color presented.

[image: Diagram illustrating an experimental setup divided into two parts. Part A shows three sessions: Session 1 (Color-Response Association, Perception), Session 2 (Color-Response Association, Imagery or Execution), and Session 3 (Color-Response Association, Execution or Imagery). Part B details trial sequences with prime, probe, and transition trials involving color cues and timing for execution, imagery, and perception tasks, featuring hand and eye icons. Arrows indicate the flow and timing for response and transitions.]

FIGURE 1
 (A) The flow of three different task sessions. (B) Series of events in a typical trial of the three-choice, speeded response task in the testing phase. Note that there were three possible types of prime: perception, imagery, and execution; each requires a different type of response.


To ensure a reset between trial pairs and minimize the after-effect of the preceding trial pair, a transition box was inserted. Participants were required to physically press a key in response to the transition box using their left little finger, a finger not involved in the prime and probe responses. Throughout the task, participants were instructed to respond with both speed and accuracy.



2.1.3 Design

There were two independent variables: Prime Type (Execution/ Imagery/ Perception) and Repetition (Repeated/ Non-repeated), and both were within-subject. The dependent variable was the reaction time (RT) to the probe.

To reduce potential uncertainty in prime response and mitigate any reactive inhibition elicited by the Imagery cue, trials with the same prime condition were clustered together and conducted in distinct sessions. As a result, there were three separate sessions, each corresponding to one of the prime conditions: Perception, Imagery, and Execution.

In each session, a combination of 1:2 repeated and non-repeated trials was randomly intermixed to establish a balanced and unbiased distribution of predictability for the specific prime color. This randomization strategy was implemented to control for potential sequencing effects and uphold the integrity of the experimental design.



2.1.4 Procedure

Figure 1A provides an overview of the task flow in the current experiment. Participants completed three distinct sessions, each corresponding to one of the three prime conditions. To prevent automatic motor responses to prime stimuli based on prior experience, the Perception condition always assigned as the first session. The order of the Imagery and Execution conditions was counterbalanced across participants. According to insights from our pilot study, conducting Perception in all three sessions resulted in no systematic changes in the distinction between probe responses after observing the same stimulus vs. different ones across the sequence of sessions (F(5, 55) = 0.39, MSE = 0.00, p = 0.85). Had the Imagery or Execution condition been the initial session, there would have been a greater likelihood of participants’ responses in the subsequent Perception condition being implicitly influenced by motor processes triggered from prior experience in responding to the prime boxes, even if they were instructed otherwise.

During the experiment, participants were seated comfortably in front of a laptop, maintaining a constant distance of 49 cm between their eyes and the screen using a chin-rest. They executed the task by positioning their right index, middle, and ring fingers, along with their left little finger, on the “←,” “↓,” “→,” and “z” keys, respectively. Each session encompassed two distinct phases: the color-response association phase and the testing phase.

The color-response association phase aimed to establish the visuomotor association prior to the testing phase. In this phase, participants familiarized themselves with the relationship between colors and the corresponding fingers (e.g., “red”-“index finger,” “blue”-“middle finger,” and “green”-“ring finger”). Each trial in this phase commenced with a fixation cross displayed at the center of the screen for 300 ms. Immediately following the fixation cross, a colored box was presented and disappeared upon the participant’s response or after an 800 ms time limit. Visual feedback, such as “correct key,” “wrong key,” or “please press the key before the box disappears” was provided on the display following each response. The screen then remained blank for 1,000 ms as participants prepared for the next trial. After completing 12 consecutive trials, participants could take a break until they felt ready to proceed. If a participant achieved five consecutive correct responses for each color-finger pairing, the screen displayed the message “You have completed the color-response association phase,” and the procedure advanced to the testing phase immediately.

In the testing phase, the repetition effect was assessed by calculating the difference in RT between repeated and non-repeated pairs. The testing phase consisted of two blocks, each containing six practice prime-probe pairs to familiarize participants with the procedure and 36 formal prime-probe pairs. One-third of the pairs featured repeated colored boxes, while two-thirds featured non-repeated ones. Participants were introduced to the trial-pair procedure at the beginning of the testing phase and completed six practice trial-pairs. The experimenter ensured participants had a clear understanding of the experiment after the practice. They had the freedom to commence the formal testing when they felt ready, with approximately 3 mins of rest between the end of the color-response association phase and the formal testing.

At the start of each testing pair, a fixation cross was presented for 300 ms, followed by the appearance of the first colored box. Required responses to the prime box varied based on the session: solely observing the box in the Perception condition, mentally simulating the corresponding keypress while experiencing the virtually recreated movement from a first-person perspective (kinesthetic imagery) in the Imagery condition, and physically pressing the key in the Execution condition. In the Execution condition, the prime box vanished immediately after the keypress or 1800 ms from its onset. In the other two priming conditions, where no actual response was made and, thus, the prime could not be erased at the RT, the duration of the prime presentation was individually adjusted based on the mean RT from the color-response association phase for each colored box. This adjustment was designed to minimize differences in the visible durations of primes across the three priming conditions.

Following the prime response, the screen remained blank for intervals of 75, 150, 225, or 300 ms before the appearance of a fixation cross that preceded the probe box. The probe box was either identical to its preceding prime box (repeated pair) or distinct from it (non-repeated pair). After the 300 ms fixation cross, the probe box was displayed on the screen, and participants were instructed to physically press the corresponding key in all conditions. The probe box disappeared immediately following the keypress or after 1800 ms if no response was registered. Following the presentation of the prime-probe pair, the screen went blank for 75, 150, 225, or 300 ms, followed by a 300 ms fixation cross. A white box then appeared at the center of the screen until participants pressed the key corresponding to their left little finger. Notably, no visual feedback was provided to indicate the accuracy after the key pressing during whole testing phase.

There were 36 trial-pairs in each testing block. After completing each block, participants provided feedback regarding their experience with the prime box on a 7-point Likert scale. In the Perception condition, participants reported their level of focus during the presentation of the prime box. In the Imagery condition, participants assessed the vividness of their motor imagery. In the Execution condition, participants indicated their confidence in making accurate responses. Following the entire experiment, participants also filled out the Chinese version of the Movement Imagery Questionnaire-Revision (cMIQ-R; Hall and Martin, 1997; Lin, 2011).



2.1.5 Data analysis

Probe trials with RTs that that deviated by more than three standard deviations from the mean of each condition for each participant were excluded. This exclusion was carried out using a recursive procedure (Van Selst and Jolicoeur, 1994). Additionally, probe RTs were excluded if the participant responded to the preceding prime in the Perception and Imagery conditions.

The remaining probe RTs were subjected to a two-way repeated-measures ANOVA with factors of Repetition (repeated and non-repeated) and Priming (Perception, Imagery, and Execution). To control for multiple comparisons, p-values from post-hoc pairwise comparisons were corrected using the step-down method with the Holm-Bonferroni adjustment (Holm, 1979).

To compare the repetition effect between the Imagery and Execution conditions, the differences in RT between non-repeated and repeated probes in these two conditions were calculated and analyzed using paired t-tests. Effect sizes were reported as generalized eta square (η2G) for F-test and Hedge’s g for t-test.

To explore potential associations between the repetition effect in Execution (ME), MI ability, and the vividness of MI with the repetition effect in Imagery (MI), Spearman’s rank correlation coefficients were calculated. Specifically, correlations were examined between the repetition effects of Imagery and Execution across participants, as well as between the repetition effect of Imagery and various factors, including the kinesthetic imagery score on the cMIQ-R, visual imagery score on the cMIQ-R, the vividness of Imagery, and the adjusted vividness of Imagery (which accounts for individual differences in confidence levels). To prepare the equivalent sample set for correlation analysis after removing outliers, we identified multivariate outliers by calculating the Mahalanobis distance using all variables included in the correlation analysis. Any data points with Mahalanobis distances exceeding the 95% chi-square cutoff value were subsequently excluded from the analysis.




2.2 Results


2.2.1 RT results

Figure 2 shows the RTs of repetition and three different prime conditions from all participants and trials. The results of the two-way repeated-measures ANOVA revealed significant main effects and interactions. The main effect of Priming was significant, F(2, 98) = 27.95, MSE = 0.11, p < 0.001, η2G = 0.12. Post-hoc analyses indicated that participants had faster RT in the Execution (499 ms) than the Perception (558 ms) condition, t(31) = −6.43, p < 0.001, g = −0.86, and Imagery (566 ms) condition, t(31) = −5.57, p < 0.001, g = −0.85, but the Imagery and Perception conditions were not significantly different, t(31) = 0.11, p = 0.916. The main effect of repetition was significant, F(1, 31) = 27.43, MSE = 0.07, p < 0.001, η2G = 0.04, indicating that participants had faster RT in the repeat (515 ms) than the non-repeat (553 ms) condition. The two-way interaction was significant, F(2, 98) = 27.39, MSE = 0.02, p < 0.001, η2G = 0.03. Post-hoc analyses indicated that participants had faster RT in the repeat than non-repeat in the Execution condition, t(31) = 8.01, p < 0.001, g = 1.11, and Imagery condition, t(31) = 4.55, p < 0.001, g = 0.47, but not in the Perception condition, t(31) = −0.51, p = 0.611. In addition, the effect of repetition is larger in the Execution (70 ms) than the Imagery condition (52 ms), t(31) = 2.32, p = 0.027, g = 0.33.

[image: Bar graph comparing response times in milliseconds for three prime conditions: Execution, Imagery, and Perception. Non-Repeat (light gray) and Repeat (dark gray) bars are shown. Execution and Imagery show significant differences between Non-Repeat and Repeat, with Imagery having the longest response times overall. Statistical significance is marked by asterisks.]

FIGURE 2
 The results of response time (RT) across execution, imagery, and perception in repeated and non-repeated conditions. Error bars indicate the standard errors of each condition (*p < 0.05; **p < 0.01).




2.2.2 Accuracies

Table 1 shows the results of accuracies. The results of the ANOVA revealed a significant main effect of priming condition on accuracy, F(2, 98) = 5.95, MSE = 0.01, p = 0.005, η2G = 0.05, indicating that participants’ accuracies were lower in Perception (95.07%) than the Imagery (97.26%), t(31) = −3.01, p = 0.015, g = −0.60, and the Execution (96.89%), t(31) = −2.60, p = 0.028, g = −0.49, but not between Imagery and Execution, t(31) = 0.62, p = 0.539. However, there was no main effect of repetition, F(1, 31) = 0.02, MSE = 0.00, p = 0.877, and no interaction, F(2, 98) = 2.05, MSE = 0.00, p = 0.148.



TABLE 1 Accuracies across execution, imagery, and perception in repeated and non-repeated conditions.
[image: A table comparing mean percentage scores and standard deviations for perception, imagery, and execution tasks between repeated and non-repeated conditions. Perception scores are 94.3% (7.3%) for repeated and 95.8% (3.2%) for non-repeated. Imagery scores are 97.4% (4.1%) for repeated and 97.1% (3.3%) for non-repeated. Execution scores are 97.6% (3.4%) for repeated and 96.2% (3.5%) for non-repeated.]



2.2.3 Correlations among subjective vividness of MI and RT measures

When examining the correlations between subjective vividness and the repetition effect of Imagery, we introduced individual adjustments to the vividness ratings. This adjustment was based on each participant’s self-estimated accuracy in the Execution condition. This approach aimed to address concerns related to individual differences in confidence when assigning subjective ratings. It is reasonable to assume that individuals who tend to either overrate or underrate their own performance in explicit tasks may similarly exhibit biases in evaluating the subjective vividness of their mental imagery experiences. Therefore, we calculated a confidence weight (CW) as the ratio between real accuracy and subjective accuracy to adjust the tendency in subjective ratings. Subsequently, we multiplied each participant’s subjective ratings by their own CW to derive “adjusted vividness,” which accounted for individual differences in aligning subjective ratings with observed performance.

After reviewing the data and identifying outliers using the multivariate Mahalanobis distance, we excluded two outliers before proceeding with the correlation analysis. The remaining dataset revealed the following correlations: the repetition effect of Imagery was positively correlated with repetition effect of Execution, r = 0.60, p < 0.001. However, the repetition effect of Imagery was not significantly correlated with the vividness, r = 0.01, p = 0.978, the adjusted vividness, r = 0.05, p = 0.783, or the visual imagery score of cMIQ-R, r = −0.19, p = 0.319, but was marginally correlated with kinesthetic imagery score of cMIQ-R, r = −0.36, p = 0.052.




2.3 Discussion


2.3.1 Repetition effect in MI

The presence of a significant repetition effect in the Imagery condition, but not in the Perception condition, highlights a crucial finding: mere stimulus repetition, without the engagement of actions through either physical execution or mental imagery, is insufficient to elicit the repetition effect. Importantly, the quicker RTs in repeat trials are not attributed to lower accuracy when compared to the RTs in non-repeat trials. In other words, the speed-accuracy trade-off cannot account for the more efficient response following the retrieval of the same S-R binding. This observation underscores the importance of S-R binding as a critical factor contributing to the repetition effect, in line with previous research (Pashler and Baylis, 1991; Henson et al., 2014).

Furthermore, the significant repetition effect observed during mental imagery, where muscle activations are not typically involved, suggests a central origin for this effect (Smith, 1968). This indicates that the repetition effect can arise from mental simulation alone, without physical motor activity.

Moreover, the positive correlation between the repetition effects of MI and ME lends support to the notion that these two processes are related. However, it is important to note that the absence of EMG monitoring in the current experiment raises the possibility that some MI trials may have involved excessive muscle activities, potentially contributing to the observed repetition effect. This concern will be addressed and further clarified in Experiment 2.



2.3.2 Weaker repetition effect in MI than ME

Contrary to the expected outcome, MI showed a weaker repetition effect than ME. Several factors may contribute to the observed weaker repetition effect in the imagery condition: First, participants may engage in response suppression during mental imagery (Guillot et al., 2012), and this inhibitory process could potentially slow down the processing of subsequent responses or stimuli, thereby weakening the repetition effect (Rieger et al., 2017). Second, some participants reported during post-hoc interviews that, in the MI condition, they occasionally felt that the stimulus duration estimated from the color-response association phase was too short for them to complete the entire mental imagery process. It is plausible that mental imagery of rapid movements may require more time than its corresponding motor execution (Calmels et al., 2006), and insufficient programming time could impede the full development of the repetition effect in MI. Finally, ME involves both central planning and peripheral muscle activation. These two mechanisms may work in tandem to influence subsequent stimulus–response binding, potentially resulting in a stronger repetition effect.





3 Experiment 2: prolonged motor programming period and enhanced control with EMG recording

In Experiment 2, we intend to address a potential confounding factor associated with insufficient programming duration during the Imagery condition. This factor may have contributed to the observed weakening of the repetition effect in comparison to ME and thus affects how conclusion regarding the relationship between MI and ME are drawn. To mitigate this concern, we plan to extend the duration of prime responses in Experiment 2, thereby ensuring that MI can be programmed more comprehensively. Furthermore, in an effort to provide additional clarity and to verify that the repetition effect observed in MI during Experiment 1 was not influenced by subthreshold muscle contractions, we will implement a per-trial monitoring of EMG activity to assess muscle activation in Experiment 2. These methodological refinements will enable us to attain a more robust and comprehensive understanding of the distinct roles of MI and ME in motor repetition effects within the clear definition of MI in our study.

Hétu et al. (2013) have suggested that the occurrence of muscle contractions during imagined movements could introduce variability into neuroimaging responses. Therefore, EMG recording serves as a reliable measure to assess muscle activation during MI. By excluding trials in the Imagery prime condition that exhibited muscle activation in the EMG recordings, we aimed to uncover the repetition effect associated with clear MI which stemming from central processing without even tensing the muscle.

The extension of the prime response duration was crucial to ensure that participants had sufficient time for complete motor programming during MI. In Experiment 1, the brevity of the prime response duration may have limited the extent of motor planning in MI, potentially affecting the observed repetition effect. Therefore, in Experiment 2, we allowed participants more time for mental simulation and motor programming, ensuring that the MI condition was not constrained by time limitations.

The hypothesis driving Experiment 2 posited that if the repetition effect in MI is primarily a result of central cognitive processes and had been previously attenuated due to limited programming time, then a more pronounced and correlated repetition effect between MI and ME should be observable. The expectation was that these effects would remain consistent even after excluding trials with detectable muscle activity. These methodological enhancements in Experiment 2 were crucial for a deeper and more accurate understanding of the distinct roles and interactions of MI and ME in eliciting the repetition effect, all within the defined scope of our study’s exploration of MI.


3.1 Materials and methods


3.1.1 Participants

In Experiment 2, a total of 51 participants were initially recruited. However, one participant had to be excluded from further data analysis due to technical issues with the EMG device during the experiment. Therefore, the completed dataset included 50 participants (24 males), with an age range of 18 to 26 years (M = 21.0 years). These participants were distinct from those who participated in Experiment 1. They were also selected from the student population of National Central University, Taiwan, and underwent screening to ensure the absence of known psychotic disorders or visual perception problems. All participants were right-handed, as evidenced by a mean score of 92.3 ± 12.1 on the Edinburgh Handedness Inventory – Short Form (Veale, 2014).

The study protocol received approval from the Research Ethics Committee of National Taiwan University. Prior to their participation, all individuals were provided with comprehensive explanations of the study procedures, their rights, and the potential risks associated with participation. Afterward, they voluntarily signed an informed consent form to participate in the study.

To estimate the sample size, we used data from the first six participants who were included after the process of EMG exclusion. We used G*Power (Faul et al., 2007) to target an effect size of Cohen’s d = 0.54, based on the difference between repeated and non-repeated trials in the MI condition. The ideal power was set at 0.80, and the program estimated that 33 participants would be sufficient to reach an actual power of 0.80.

Following the EMG-trial exclusion process, a group of 33 participants (including 8 males) remained for further analysis. These individuals, ranging in age from 18 to 26 years with an average age of 21.2 years, exhibited a pronounced right-handed inclination, as indicated by a mean handedness score of 94.1 ± 10.5.



3.1.2 Design

The design of Experiment 2 closely mirrored that of Experiment 1, except for the number of trials. To account for expected trial drop-outs during the EMG-trimming process, participants in Experiment 2 completed three blocks of trials for each condition, resulting in a total of 108 trials per condition to ensure an adequate number of trials for analysis.



3.1.3 Task, stimuli, and apparatus

The task and equipment used in Experiment 2 largely replicated those of Experiment 1, with a few notable exceptions: To streamline the response interface and improve temporal precision, we replaced the gaming keyboard with a USB response pad (Black Box ToolKit 1–8 button) boasting a sampling rate of 50,000 Hz and a 25-ms key down duration. This response pad featured eight keys, corresponding to the index fingers, middle fingers, ring fingers, and little fingers of both hands.

Additionally, EMG data were recorded using strategically placed electrodes on the right flexor digitorum superficialis, with the ulna serving as the reference electrode and the medial epicondyle as the ground electrode.

For the first 32 participants, a wireless NeXus-10 device from MindMedia BV, Netherlands, was employed for EMG data collection, featuring a sampling rate of 2048 Hz. The EMG voltage values were captured using the Biotrace+ software, also from MindMedia B.V., Netherlands.

For the remaining participants, we utilized a BIOPAC MP36 machine to acquire the EMG signal. The EMG data was recorded and displayed using BIOPAC Student Lab 4.1 software, with a sampling frequency of 2000 Hz. This change in recording equipment was made to improve the signal-to-noise ratio.

It is important to note that the primary purpose of this EMG recording was for screening rather than for analyzing the EMG signal to generate critical results for the current experiment. Consequently, changing the recording device midway through the experiment could have potentially compromised the quality of screening and subsequently impacted the true positive rate of EMG activation detection.



3.1.4 Procedure

Experiment 2 largely followed the procedural framework of Experiment 1, with a notable alteration: the duration of the prime box was fixed at 800 ms for all priming conditions. This was a departure from Experiment 1, where the duration was either individually estimated (Perception and Imagery conditions) or remained onscreen until a response was executed (Execution condition).



3.1.5 Data analysis

The response exclusion criteria remained consistent with those used in Experiment 1. However, in the data preprocessing for Experiment 2, trials featuring EMG responses during the presentation of the prime boxes in the Perception and Imagery conditions were trimmed from the dataset. This was done to specifically evaluate the impact of muscle activation on the repetition effect of motor imagery.

Furthermore, the dataset without screened EMG responses was also analyzed to allow for comparisons with the results obtained in Experiment 1.



3.1.6 EMG preprocessing and analysis

In Experiment 2, the analysis of EMG signals data signals data underwent a two-fold process involving preprocessing and parameter adjustment to ensure the validity of muscle activation detection within each participant.


3.1.6.1 Signal down-sampling and filtering

Initially, the signals were down-sampled to 512 Hz from the NeXus-10 device recording and 500 Hz from the BIOPAC MP36 recording after applying an anti-aliasing filter. Subsequently, the EMG signals were subjected to band-pass filtering within the frequency range of 30 Hz to 55 Hz to focus on relevant muscle activity. To further refine the data, the power of the signals was computed by squaring them. Finally, a 10-point moving average was applied for signal smoothing, which aided in reducing noise and making the data more suitable for subsequent computing.



3.1.6.2 EMG response onset detection

The detection of EMG response onsets was a critical step in understanding the influence of muscle activation on the repetition effect. To achieve this, several statistics were calculated from baseline. The mean (M), standard deviation (SD), mean of the first derivative (dM), and standard deviation of the first derivative (dSD) were computed from a 200 ms interval before the prime boxes’ presentation, serving as baseline. Then, two thresholds were set based on these statistics, utilizing two parameters: C1 and C2. If the EMG signal value exceeded [image: Mathematical expression displaying M plus C1 times SD.], and if the change in signal value exceeded [image: \( dM + C2 \times dSD \)], the onset of the EMG response was marked. These criteria aimed to capture significant deviations from baseline muscle activity.



3.1.6.3 Optimization of parameters

To ensure the validity of the EMG response detection process, the optimal pair of parameters (C1 and C2) was determined individually for each participant. A comprehensive grid search approach was employed, with C1 values ranging from 10 to 30 (in increments of 0.5) and C2 values varying from 5 to 10 (also in increments of 0.5). The performance of each parameters pair was evaluated using 108 prime responses in the Execution condition (or 72 trials in the case of one participant due to a technical issue of trigger sending). Evaluation criteria included the distance between the EMG response onset and key press onset and the accuracy of EMG activation detection.



3.1.6.4 EMG detection accuracy

The performance assessment of parameters pairs centered on the accuracy of EMG activation detection. For each pair (designated as p), the accuracy (Ap) was computed as the ratio of correctly identified trials to the total number of trials. Correct trials were identified by detecting the EMG response onset before the key press onset. The paramount goal was to identify the parameter set that maximized the accuracy of EMG activation detection during the Execution condition.



3.1.6.5 Distance calculation and loss function

In addition to accuracy, the average distance (Dp) between the EMG-detected onset and the key press onset was calculated for each parameter pair (p) across all Execution prime trials. To holistically assess parameter performance, a loss function (L) was introduced, combining accuracy and temporal precision, defined as [image: The formula \( L(C1, C2) = D_p \times 100^{A_p} \) is displayed, where \( L \), \( D_p \), and \( A_p \) are variables or functions involving parameters \( C1 \) and \( C2 \).]. This loss function provided a quantitative measure of how well a specific pair of parameters balanced accuracy and temporal alignment.

Ultimately, the EMG response detection criterion for each participant was thoughtfully determined by selecting the parameter pair that minimized the loss function within the Execution condition. Once this criterion was established, it was consistently applied to detect EMG responses in both the Perception and Imagery conditions.



3.1.6.6 Remaining participants post EMG-trial exclusion

The selection of participants for the EMG-trial-excluded group was contingent upon the parameters derived from their responses during the Execution condition. During this selection procedure, EMG-detected trials were systematically removed from both the Perception and Imagery conditions for each participant. Importantly, participants were excluded from this group only if the number of trial pairs, following the exclusion of EMG data, fell below eight in either sub-condition (e.g., Imagery-repeat).

The criteria for identifying EMG responses were individually established for each participant, guided by the C1 and C2 values. Remarkably, the average accuracy of EMG response detection during the Execution condition was 89%.

Participants in this group exhibited a mean of 78.15 remaining trials (with a standard deviation of 19.71) in the Perception condition and a mean of 67.97 remaining trials (with a standard deviation of 25.27) in the Imagery condition.





3.2 Results


3.2.1 The dataset without screened EMG responses


3.2.1.1 RTs

Figure 3 shows the RT of repetition and three different prime conditions from all participants and trials. The results of the RT analysis showed that all main effects and interactions were significant. The main effect of prime condition was significant, F(2, 98) = 84.71, MSE = 0.30, p < 0.001, η2G = 0.25. Post-hoc analyses indicated that participants had faster RT in Execution (447 ms) than Perception (554 ms), t(49) = −11.29, p < 0.001, g = −1.45, and Imagery (518 ms), t(49) = −9.80, p < 0.001, g = −1.19 and faster RT in Imagery than Perception, t(49) = −4.42, p < 0.001, g = −0.43. The main effect of repetition was significant, F(1, 49) = 67.37, MSE = 0.13, p < 0.001, η2G = 0.07, indicated that participants had faster RT in repeat (485 ms) than non-repeat (527 ms). The interaction between prime condition and repetition was also significant, F(2, 98) = 45.31, MSE = 0.04, p < 0.001, η2G = 0.05. Post-hoc analyses indicated that participants had faster RT in repeat than non-repeat in both Execution, t(49) = 10.15, p < 0.001, g = 1.53, and Imagery, t(49) = 6.88, p < 0.001, g = 0.69. However, this was not the case for the Perception condition, where the difference in RT between repetition and non-repetition was not significant, t(49) = −0.75, p = 0.455. In addition, the effects of repetition on RT was significantly larger in the Execution condition (77 ms) than the Imagery condition (54 ms), t(49) = 3.05, p = 0.004, g = 0.41.

[image: Bar graph comparing response times in milliseconds for three prime conditions: Execution, Imagery, and Perception. Non-Repeat (light gray) and Repeat (dark gray) bars are shown for each condition. Execution and Imagery show significant differences between Non-Repeat and Repeat. Imagery has the highest response times, followed by Perception and Execution. Statistical significance is indicated with asterisks above the bars.]

FIGURE 3
 The results of response time (RT) across execution, imagery, and perception from the dataset without screened EMG responses (*p < 0.05; **p < 0.01).


After removing four outliers using multivariate Mahalanobis distance, we conducted a correlation analysis. The repetition effect of Imagery was positively correlated with repetition effect of Execution, r = 0.42, p = 0.003, and the vividness, r = 0.29, p = 0.046. However, the repetition effect of Imagery was not significantly correlated with adjusted vividness, r = −0.09, p = 0.561, visual imagery score of cMIQ-R, r = −0.01, p = 0.954, or kinesthetic imagery score of cMIQ-R, r = −0. 17, p = 0.263.



3.2.1.2 Accuracies

Table 2 shows the results of accuracies. There was a significant main effect of prime condition on accuracy, F(2, 98) = 25.12, MSE = 0.04, p < 0.001, η2G = 0.13. Post-hoc analyses indicated that participants had lower accuracy in Perception (94.4%) than the Execution (97.5%), t(49) = 4.90, p < 0.001, g = 0.81, and Imagery (97.7%), t(49) = 5.75, p < 0.001, g = 0.84. The difference in accuracy between Execution and Imagery was not significant, t(49) = −0.67, p = 0.505. There was no main effect of repetition, F(1, 49) = 0.37, MSE = 0.00, p = 0.544. However, there was a significant interaction, F(2, 98) = 18.93, MSE = 0.01, p < 0.001, η2G = 0.06. Post-hoc analyses indicated participants had higher accuracy in repeated pairs than non-repeated pairs in the Execution condition, t(49) = −3.25, p = 0.004, g = −0.67, and in Imagery condition, t(49) = −2.48, p = 0.016, g = −0.43. In the Perception condition, participants had lower accuracy for repeated pairs than non-repeated pairs, t(49) = 3.04, p = 0.001, g = 0.44.



TABLE 2 Accuracies across execution, imagery, and perception in repeated and non-repeated conditions in the dataset without screened EMG responses.
[image: A table compares percentages and standard deviations for repeated and non-repeated conditions across three categories: Perception, Imagery, and Execution. Repeated: Perception 93.1% (6.4%), Imagery 98.3% (2.7%), Execution 98.4% (2.2%). Non-repeated: Perception 95.6% (4.6%), Imagery 97.1% (3.0%), Execution 96.5% (3.3%).]




3.2.2 EMG-trial-excluded group


3.2.2.1 RTs

In the analysis of RTs, the main effect of prime condition was found to be significant, F(2, 64) = 57.92, MSE = 0.21, p < 0.001, η2G = 0.29. Post-hoc analyses indicated that participants had faster RT in Execution (448 ms) than both the Perception (557 ms), t(32) = −9.47, p < 0.001, g = −1.59, and Imagery (527 ms), t(32) = −8.37, p < 0.001, g = −1.38. RTs in Imagery are also significantly faster than Perception, t(32) = −2.89, p = 0.007, g = −0.37. The main effect of repetition, F(1, 32) = 40.20, MSE = 0.07, p < 0.001, η2G = 0.07, indicated that participants had faster RT in repeat (492 ms) than non-repeat (530 ms). The interaction between prime condition and repetition was also significant, F(2, 64) = 28.33, MSE = 0.03, p < 0.001, η2G = 0.06. Post-hoc analyses indicated that participants had faster RT in repeat than non-repeat in both the Execution, t(32) = 7.72, p < 0.001, g = 1.51, and Imagery, t(32) = 5.21, p < 0.001, g = 0.69, but not in the Perception, t(32) = −1.38, p = 0.176. Furthermore, the repetition effect was significantly larger in the Execution condition (74 ms) than the Imagery condition (52 ms), t(32) = 2.24, p = 0.032, g = 0.38.

In the correlation analysis, none of the correlations were significant, including the repetition effect of Imagery and Execution, r = 0.06, p = 0.728, and the repetition effect of Imagery was not significantly correlated with measures of vividness, r = 0.30, p = 0.100, adjusted vividness, r = 0.07, p = 0.682, visual imagery score of cMIQ-R, r = −0.03, p = 0.879, or kinesthetic imagery score of cMIQ-R, r = −0.26, p = 0.160. One outlier was excluded from the analysis using the multivariate Mahalanobis distance.



3.2.2.2 Accuracies

The ANOVA on accuracy revealed a main effect of prime condition, F(2, 64) = 11.70, MSE = 0.01, p < 0.001, η2G = 0.09. Post-hoc analyses indicated that participants had lower accuracy in the Perception (95.6%) than the Imagery (98.0%) condition, t(32) = 4.38, p < 0.001, g = 0.68 and Execution (97.7%), t(32) = 3.42, p = 0.003, g = 0.68. Execution and Imagery conditions are not significantly different, t(32) = −0.53, p = 0.603. There was no significant difference in accuracy between the Execution and Imagery conditions, F(1, 32) = 0.08, MSE = 0.00, p = 0.774. The interaction between prime condition and repetition was significant, F(2, 64) = 10.02, MSE = 0.01, p < 0.001, η2G = 0.05. Post-hoc analyses indicated that accuracy had no significant difference in repeated pairs and non-repeated pairs in the Execution condition, t(32) = −2.13, p = 0.081, and in the Imagery condition, t(32) = −0.67, p = 0.507, g = −0.03. However, participants had lower accuracy in repeated pairs than non-repeated pairs in the Perception condition, t(32) = 3.00, p = 0.016, g = 0.48.





3.3 Discussion

In this experiment, we found that even after increasing the duration allowed for performing imagination, the repetition effect in Imagery remained weaker than that observed in Execution. This observation rules out the possibility that the weaker repetition effect in MI time was due to insufficient processing time allocated for mentally simulating motor actions. Moreover, even after excluding trials with excessive EMG activities, the repetition effect still persists in MI. This finding indicates that peripheral factors such as muscle activities cannot account for the repetition effect in MI, which strengthens the evidence for a central origin of repetition effect in MI.

An unexpected outcome here is the lack of significant correlation between the repetition effects of MI and ME. While previous research has often emphasized the overlap between these two modes of action, this result implies that the mechanisms governing the repetition effect in each mode may exhibit certain degree of autonomy. We shall address the possible relationships between MI and ME by considering findings and constraints of both experiments of the current study in the general discussion.




4 General discussion

To examine the relationship between MI and ME without reliance on self-report, we compared the repetition effects in both and found it weaker for the former. Furthermore, we also found that extending the duration of the prime stimuli in MI did not enhance its repetition effect but reduced the strength of correlation between the repetition effects in MI and ME. The inequivalent magnitude of repetition effects and the malleable correlation between MI and ME suggest that these two modes of action cannot be entirely equivalent (Jeannerod, 1995; O’Shea and Moran, 2017). The following discussion will consider potential mechanisms involved in the repetition effect and elucidate their roles in MI and ME.


4.1 The role of S-R binding in repetition effect

S-R binding is likely the mechanism underlying the repetition effect. However, unlike classical observations of repetition inhibition that are manifested as repetition costs (Rieger et al., 2017; Scheil and Liefooghe, 2018; Bart et al., 2021) we observed consistent repetition facilitation in both MI and ME. This suggests that the shared motor representation between the prime imagery and probe execution may have facilitated repeated responses. Two possible mechanisms for this facilitation are considered here:

First, during MI, the motor programming for responding to the prime stimulus may enhance short-term S-R binding (Ito, 1999; Liefooghe et al., 2021). This enhanced binding could result in faster retrieval when participants encounter the same stimulus again in the probe event, leading to faster responses in the repeated than non-repeated condition. Taken together with the lack of repetition effect in the Perception condition, it is likely that the construction of S-R binding during MI plays a pivotal role in the repetition effect.

Second, the interference from non-repeated prime responses may also contribute to the repetition effect. Some previous studies compared the priming effect of repeated and non-repeated MI with a neutral condition (e.g., rest or imagining both potential responses in prime) and found both the costs associated with alternative actions representation and benefits from repeated actions representation (Li et al., 2005; Ramsey et al., 2010; Toovey et al., 2021). The current findings lend support to the construction of stimulus–response binding during MI rather than counter-response interference as the primary factor contributing to the repetition effect. Specifically, when comparing MI with Perception, imagining actions associated with the prime did not result in slower probe responses than merely perceiving the prime when prime and probe were different, whereas repeated actions during MI prime resulted in faster probe responses than did merely perceiving the prime. The distinction between the Perception and MI conditions ruled out the interference account for the repetition effect.

One can take the probabilities of repetition and the orientation of attention into account when comparing the distinct RT patterns in the repeated vs. non-repeated prime-probe relationship for the Perception and MI conditions. In Toovey et al. (2021), the ratio of repeated to non-repeated pairs was 80:20, an unbalanced ratio that likely led participants to expect the same response after the prime. Consequently, when compared to the neutral condition, the lower predictive ratio hindered the response process in non-repeated probes. Moreover, their experimental design involved stimuli with two spatial orientations (e.g., left and right) corresponding to responses, which may have led to suppression of the opposite side when one’s attention is already oriented toward the other direction (May et al., 1995). Similarly, Li et al. (2005) reported motor interference with MI when participants performed hand flexion and extension in their action priming paradigm. They found that motor interference from prime imagery occurred when the subsequent execution involved the contraction of antagonist muscles. Thus, interference may occur when alternative stimuli or responses in the choice set can induce suppression, either from opposite attention orientations or antagonist muscles.

The current study distinguished stimuli using colors instead of spatial orientation or the agonist–antagonist relationship. This color-based mapping is potentially less intuitive than mappings based on spatial or kinesthetic factors, which might explain the diminished suppression in the non-repeated prime response. This variation could contribute to the contrast in repetition facilitation observed in our study vs. the repetition inhibition reported in earlier research.



4.2 Stronger S-R binding in prime execution than prime imagery

Comparing repetition effects in the Imagery and Execution conditions of our study reveals that actual responses to prime stimuli foster more defined and specific motor processes. This leads to a more marked repetition effect than that observed in responses to prime Imagery. This observation is consistent with Toovey et al. (2021) findings which also employed a repetition paradigm to compare MI and MP (motor preparation, namely the motor planning phase before actual execution). Their study found a stronger repetition effect in MI compared to MP, implying that MI encompasses more comprehensive information, including sensory feedback predictions elicited by imagined movements. This detailed information likely forms a complex association with the stimulus, which is then reactivated when participants encounter the same stimulus subsequently. Incorporating this logic into our study, it is plausible to suggest that the genuine sensorimotor information involved in responding to the prime enhances the overlap in motor processes between the prime and the following probe, especially when an action is physically executed for the prime rather than merely imagined. The richer and more specific information obtained from processing and executing the prime likely prepares the effector system for the probe, consequently resulting in a stronger repetition effect.

Incomplete Overlap between the Motor Processes of MI and ME While the finding of repetition benefits in both Imagery and Execution conditions aligns with the notion of functional equivalence, which posits that these two conditions share similar underlying mechanisms, a stronger prediction of this theoretical perspective would entail a significant correlation between the repetition effects observed in these two conditions. In other words, individuals who exhibit a stronger repetition effect in prime Imagery should also demonstrate a correspondingly stronger repetition effect in prime Execution, reflecting the shared mechanisms between the two. However, in the current study, this prediction did not hold when we extended the response time for MI and excluded trials with muscle activation during MI. This discrepancy suggests that the relationship between repetition effects in Imagery and Execution may be more complex and influenced by nuanced factors.

What could be the non-overlapped parts between MI and ME? One possibility is that MI involves a higher degree of awareness and monitoring of motor processes than ME. Jeannerod (2001) proposed that cognitive states of simulated actions can vary along a spectrum of different levels of awareness. In our study, participants could evaluate and report the subjective vividness of their MI experiences, suggesting explicit and deliberate representations of the action. Moreover, previous neuroimaging studies assessing the explicitness, awareness, and attentiveness of MI have highlighted the involvement of the frontal–parietal network (Gerardin et al., 2000; Rushworth et al., 2003; Fridman et al., 2011; Lorey et al., 2011; Vry et al., 2012), which is also considered critical for motor awareness (Desmurget and Sirigu, 2009). The idea of conscious monitoring in MI concurs with the motor-cognitive model (Glover and Baran, 2017; Glover et al., 2020), which posits that MI and ME have distinct real-time control process. According to this framework, both MI and ME share common motor representations during pre-movement planning but diverge during real-time operations. MI requires conscious executive control processes, such as elaboration and monitoring, whereas ME can access online feedback without awareness (Johnson and Haggard, 2005; Cameron et al., 2009). This contrasts with the functional equivalence hypothesis which suggests that MI and ME involve similar mechanisms.

As our study required participants to perform a simple key-pressing response, they may have executed the key-pressing in an “auto-pilot” manner with limited conscious awareness of the movement process. During MI, avoiding deliberate processing awareness is challenging, even in simple key pressing tasks. Conversely, actual response execution can unfold quite automatically, involving minimal attention and awareness of the motor control process. This divergence in conscious awareness might account for the inconsistent correlation results observed between MI and ME in Experiment 1 and Experiment 2. In Experiment 1, the brief prime stimulus presentation may have expedited imagery, diminishing awareness of the imagery process and prompting more subliminal muscle activation. This uncontrolled muscle activation during MI leads to a similar processing pattern with ME. In contrast, the prolonged prime duration in Experiment 2 facilitated a smoother mental simulation of movements, allowing ample time to elaborate and monitor the motor control process during imagery. With controlled EMG activation, Experiment 2 indicates that the repetition effect in MI originates more purely from a central and top-down source, distinguishing it from ME. Our results align more closely with the motor-cognitive model, positing distinct online operations for Motor Imagery and Motor Execution, than with the functional equivalence hypothesis. We recommend that future research comparing MI and ME should evaluate not only their differences but also their covariation. While differences in MI and ME measures can highlight their dissimilarities, examining covariation can provide further understanding of the degree of overlap in their underlying processes.



4.3 Limitations


4.3.1 Accuracy of MI

Several limitations in the current study should be noted. MI is inherently a private and subjective process, and errors in MI can lead to trials being mistakenly categorized as repeated or non-repeated. Accurately measuring MI trial-by-trial without interfering with the task (e.g., requiring participants to report their accuracy after each trial) can introduce noise into the assessment of repetition effects in MI. To maintain equivalence across conditions, ME trials with incorrect responses to primes were not excluded from the analysis. However, given the high accuracies observed across participants in the ME condition, we believe the inferences drawn in this study remain valid.



4.3.2 Stimulus-driven vs. intention-driven action

In contrast to most studies on MI that have adopted subjective duration measurements, the current study generalizes the relationship between MI and ME in the simple visuomotor responses, which can be considered a type of stimulus-driven action (Herwig et al., 2007; Herwig and Waszak, 2012). Whether the conclusions regarding functional equivalence derived from this study extend to more complex, intention-driven types of movements remain to be clarified. Future research on after-effects of intention-based action (e.g., spontaneously selected key pressing) may offer valuable insights into the relationship between MI and ME in such contexts.



4.3.3 Incomparable response transition between MI and ME

In our study, participants alternated between responding with imagery and execution in the MI conditions, and between simply observing and executing in the Perception condition, but not in the ME condition. This mode-switching design might have contributed to the primary effect observed in the prime condition, where responses to the probe were faster in the ME condition compared to the MI and Perception conditions, regardless of repetition. Previous research has demonstrated that the binding between stimuli and responses can facilitate responses within the same mode but hinder switching between modes (Rieger et al., 2017; Scheil and Liefooghe, 2018). In their experiment, response times in MI were directly measured through motor responses initiated at the onset of MI, and they found that the same action could be facilitated when executed in the same response mode (e.g., ME-ME or MI-MI) but disrupted when switching between different response modes (e.g., MI-ME or ME-MI). However, our study aimed to investigate pure MI without requiring participants to indicate the onset of MI through indirect measures. This design aimed to prevent contamination of the motor representation of MI by pre- and post-motor responses. Future studies examining the differential magnitude of repetition effects between prime imagery and prime execution should consider the potential impact of mode-switching on the repetition effect and develop innovative methods to assess this influence.



4.3.4 Impacts of physical execution on imagery

Moreover, a notable aspect of our experimental design was the deliberate exclusion of “Imagery-Imagery” and “Execution-Imagery” pairs. This decision was primarily guided by the underlying logic of the repetition effect, which is central to our study. The repetition effect, as observed in motor control studies, typically manifests when the same action or task is repeated, leading to enhanced performance due to factors like priming, increased familiarity, and neural efficiency. In our experiments, we focused on “Imagery-Execution” and “Execution-Execution” pairs to directly assess this effect.

The “Imagery-Imagery” pair was excluded because repeating an imagined action without interspersing it with a physical execution would not have provided the contrast necessary to explore the primary aim of our study, which is to investigate the functional equivalence and relationship between MI and ME. Moreover, the repetition of imagery alone would likely fall short in demonstrating the cognitive and neural overlap between MI and ME, as our interest was in examining how imagined actions influence subsequent executed actions and vice versa.

Our study intentionally did not include the “Execution-Imagery” pairing as it diverges from our main objective, which was to explore how prior mental simulation (imagery) influences subsequent physical execution. Incorporating “Execution-Imagery” would have shifted the focus toward how physical execution primes mental simulation, deviating from our central theme. However, future research, particularly studies employing EEG/MEG or fMRI techniques, could benefit from including this pairing to investigate the covert neural processes involved, offering a different perspective on the interaction between executed actions and subsequent mental imagery.





5 Conclusion

Based on the findings of the current study, we have provided a method that may allow researchers to more objectively assess the impacts of MI on behavioral outcomes. By highlighting differences and the absence of correlation in repetition effects, this study challenges the functional equivalence hypothesis of imagery and execution. Our results suggest that motor representations of imagery and execution, when measured with responses that are not directly linked to the subjective aspects of the mental imagery, are more distinguishable than traditionally thought. The differential repetition effect between motor imagery and execution provide a methodological route for future studies aiming at examining cognitive and neural mechanisms of motor imagery under minimal impacts of subjective experiences.
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Background and objectives: The experience obtained from motor expertise may contribute to and enhance the development of particular visuo-spatial abilities. This exploratory and preliminary study compares the response times of a mental rotation task with egocentric and object-based transformation instructions between soccer players of varying performance levels and gymnasts.



Methods: Fifty-six male participants were grouped based on their sports experience. Soccer-specific novices (SS-N: n = 19; age = 15.9 ± 0.87), soccer-specific experts (SS-E: n = 17; age = 16.4 ± 0.70), gymnastic-specific experts (GS-E: n = 10; age = 16.6 ± 1.71), and gymnastic-specific novices (GS-N: n = 10; age = 16.0 ± 1.63) were recruited to perform a perceptual task (recognition of soccer-specific poses) and mental rotation tasks with different stimuli (soccer-specific poses, cubes, line-drawings of hands, letters).
Results: During the perceptual task with instructions on egocentric transformation and soccer-specific poses, we observed that gymnasts had longer response times than soccer players. Our findings also suggest that experts correctly identified most of the poses in terms of accuracy. In the mental rotation task with object-based transformation, gymnasts processed all stimuli, even the soccer-specific poses, more accurately than both soccer groups.
Conclusion: Our results suggest that gymnasts’ motor expertise plays a role in their performance on mental rotation tasks involving both egocentric and object-based transformations, regardless of the stimuli presented.
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1 Introduction

Mental rotation, the ability to mentally represent and manipulate objects, is crucial in daily situations requiring spatial reasoning (Uttal et al., 2013b). Spatial orientation and imagination are essential skills in various professions, including car mechanics, electricians, graphic designers, and physicians (Ha and Fang, 2016; Sorby et al., 2021). Spatial cognition and appropriate motor skills are essential for athletic performance in a sport-specific context (Moreau et al., 2011). Especially in ball games such as soccer or basketball, spatial cognitive abilities are essential to anticipate actions from the offense or defense from different views (Mann et al., 2007; Voss et al., 2010; Ben Mahfoudh and Zoudji, 2022).

Spatial perception, spatial visualization, and mental rotation are recognized as key components of spatial cognition (Linn and Petersen, 1985). However, more recent research has identified additional distinctions between spatial abilities (Holden et al., 2015; Buckley et al., 2018). The study by Buckley et al. (2018) highlights a lack of precise definition and categorization of spatial abilities, recommending the integration of current research findings to address this gap. Mental rotation describes the ability to manipulate two mentally- or three-dimensional objects with respect to their orientation, i.e., to rotate, mirror, or tilt them (Shepard and Metzler, 1971). The term also refers to a paradigm or a specific experimental design that has become increasingly popular in neuropsychological research in recent years. Shepard and Metzler (1971) first described mental rotation as involved in object recognition. They operationalized it using what is now referred to as the classical mental rotation task and measured the response time required to solve the task. Participants were given “mirror-normal discrimination tasks” (Cooper and Shepard, 1973; Cooper, 1975) in which they compared objects. Then, they were required to decide equality and inequality (same-different judgment), irrespective of a possible angular disparity between the comparison objects. The dependent variables measured were the time from the beginning of the stimulus presentation to the response – usually pressing a button – and accuracy. Therefore, Shepard and Metzler’s tests can be described as chronometric tests.

Shepard and Metzler (1971) studied response times when recognizing unfamiliar objects. Their classical study involved the use of three-dimensional (3D) cube figures. The participants were presented with paired images of these cube figures, which were rotated by different angular degrees either in the depth or image planes. The task was to determine as quickly as possible whether the objects could be merged by rotation or not. Shepard and Metzler demonstrated that the response time depends on the angular disparity between the two cubes. That is, the response time increased linearly with increasing angular disparity. However, when the angular disparity between the target and the comparison figure exceeds 180°, there is no further linear increase in response times. This finding is commonly interpreted to suggest that the mental rotation process is analogous to an actual executed rotation. This post-hoc explanation of the time characteristic is based on data obtained through participant introspection in these experiments. The participants reported that they imagined the object in 3D space and were thus able to rotate the object around any axis.

However, a distinction is made between two transformation strategies in mental rotation tasks: an object-based and egocentric (perspective) transformation, which can induce concise tasks and specific instructions (Zacks et al., 2002). How individuals solve a mental rotation task depends on the type of judgment that needs to be made (Steggemann et al., 2011). The former (object-based) requires same-different judgments with respect to pairs of stimuli, while the latter (egocentric) requires left-right judgments with a single stimulus (Feng et al., 2017). Cohen and Kubovy (1993) defined two criteria that must be met to refer to an object-based mental rotation. The first criterion is a positive slope, meaning that the greater the angular disparity between the two objects being compared, the longer it takes to complete the task. Thus, the correlation between response time and degree of rotation is characterized by a monotonically increasing trend up to 180°. The second criterion is the maximum rotation speed, which must not be exceeded. The upper limit of the response time must remain undetermined until the determinants of the rotation process are known. Cooper (1975) discussed another criterion that best reflects the basic idea of mental rotation. The third criterion is the parity decision: Participants will be assigned to make a parity decision. A mental rotation process only occurs if there is an angular difference between the two objects being compared. Participants must determine whether the two objects are identical.

Numerous studies suggest a significant connection between mental rotation and spatial thinking, with motor abilities playing an essential part in both areas (Moreau et al., 2011). Mental rotation is an important aspect of spatial thinking and is associated with mathematical progress and educational achievement (Bott et al., 2023). Additionally, this cognitive skill is closely linked to motor abilities, as evidenced by the impact of motor limitations on mental rotation in children (Krúger and Krist, 2009). The link between spatial cognition and motor skills is further highlighted by the relationship between motor skills and executive functions, which are vital for spatial problem-solving (Stuhr et al., 2020). Theories of embodied perception emphasize the role of interaction between action and cognition (Kiefer and Trumpp, 2012). Several studies have shown that there is a correlation between perceptual ability and motor expertise within the respective domain. Blake and Shiffrar (2007) argue that motor expertise plays a crucial role in the perception of human movement. Markman and Brendl (2005) found that the movement-compatibility effect is influenced by self-representation in space, highlighting the complex interplay between perceptual and motor representations. Beilock (2008) further supported this by demonstrating the pivotal role of sensorimotor experience in embodied cognition. Eskenazi et al. (2009) provided neuropsychological evidence showing that neurological impairments can affect performance and action perception, suggesting a close link between the two. Hohmann et al. (2011) furthered this research by showing that motor expertise can influence action and actor recognition, with experts demonstrating faster reaction times and greater accuracy. These studies underscore the correlation between perceptual ability and motor expertise within their respective domains.

The findings of Proffitt et al. (1995) and Bhalla and Proffitt (1999) also support this approach, indicating that an observer’s physiological potential to climb a hill affects their perception of its slope. This suggests a close link between visual perception and an observer’s motor preconditions and expertise. Expert observers in sports and other domains of visual expertise possess the remarkable ability to quickly and accurately determine the key characteristics of motion (Dicks et al., 2019). This ability is developed through encounters with the same classes of movement, allowing experts to recognize them (Sparrow and Sherman, 2001). Kaltner et al. (2014) suggest that mental rotation performance is not only influenced by motor expertise but also by visual expertise. Furthermore, specific sports training that involves extensive mental rotation ability can significantly enhance mental rotation performance (Moreau, 2012). These findings highlight the strong connection between spatial cognition, motor skills, and sports performance.

Research has demonstrated that individuals with motor expertise have an advantage of this very expertise when performing mental rotation tasks (Jansen and Lehmann, 2013; Habacha et al., 2014, 2022; Schmidt et al., 2016; Weigelt and Memmert, 2021; Kamruddin, 2022). For instance, Habacha et al. (2014) conducted a study comparing table tennis players, who frequently perform and observe rapid hand movements, with soccer players, who lack experts in hand movements, in a mental rotation task using their hands. The authors found that table tennis players exhibited faster mental rotation of their hands and had lower response times for object-based transformations. This study highlights the embodied nature of the mental rotation task of hands by showing selective effects of motor expertise. The study by Jansen and Lehmann (2013) examined the effects of motor expertise on mental rotation tasks involving cube figures and human poses. The study included 40 participants in each group: soccer players, gymnasts, and non-athletes. The study found that all participants had a higher mental rotation accuracy for human poses than cubes. In addition, gymnasts demonstrated better mental rotation performance than non-athletes. Only gymnasts who had practiced rotation movements around the three axes performed better in the mental rotation task, irrespective of the type of stimuli. Soccer players did not perform statistically better than non-athletes. In their meta-analysis, Voyer and Jansen (2017) examined the moderating effects of the relationship between motor expertise and performance on spatial tasks. The authors showed that concerning the type of sport, ball sports have only a small effect, while gymnastics has a medium effect on mental rotation abilities. It is important to emphasize that the study grouped gymnasts and dancers into one gymnastics category. However, when gymnasts and dancers were analyzed separately, very different effect sizes emerged. Gymnasts alone exhibited a high effect size (Cohen’s d) of 0.516 (95% CI = 0.184, 0.938), whereas dancers showed a very small effect of d = 0.057 (95% CI = −0.396, 0.509). Weigelt and Memmert (2021) investigated the extent to which the expertise of basketball players accounts for differences in performing mental rotation tasks. The authors observed better mental rotation performance in experts compared to novices.

Previous studies have neglected whole-body rotations and more complex movements (e.g., symmetrical or asymmetrical arm, leg, trunk, or head movements in certain sport-specific skills) in mental rotation tasks (Heinen, 2013). Heinen, therefore, poses the question of whether more complex whole-body rotations have similar effects on mental rotation performance as (relatively simple) hand movements or human line drawings/poses.

Therefore, in the present exploratory and preliminary study, we used the images of body postures that occur in sports movements (soccer-specific skills/poses) rather than regular movements (e.g., arm stretching) to understand better the interplay between sports expertise and the egocentric transformation in mental rotation tasks. Unlike Jansen and Lehmann (2013), we examine soccer players and gymnasts; however, we used more complex whole-body soccer-specific human poses and additional stimuli to compare the two groups directly in one study.

Thus, in the first perceptual task with soccer-specific poses, we want to 1) examine whether soccer-specific poses are egocentrically transformed and show a linear trend between reaction time and angular disparity. If we do not observe a linear trend, we can assume an egocentric transformation and rule out the possibility of a mental rotation process. A key aspect of this perceptual task is to 2) investigate whether soccer players can identify soccer-specific poses faster and more accurately than gymnasts due to their greater familiarity with these types of stimuli. In a second mental rotation task with object-based transformations (poses, cubes, hands, letters), we will 3) investigate whether there is a linear trend (a very well-established finding) between response time and angular disparity when mentally rotating these stimuli. This approach allows us to test whether these stimuli are indeed subject to mental rotation. Our central objective is to 4) analyze whether experts in gymnastics or soccer players can mentally rotate object-based, soccer-specific poses faster and more accurately than their respective novices.

We hypothesized that soccer players would recognize soccer-specific poses more quickly than gymnasts in the perceptual task with egocentric transformation, while the experts would perform best. We expect a linear trend for the mental rotation tasks with object-based transformation, especially for cubes, with cube figures taking the longest to make a parity decision (see Jansen and Lehmann, 2013). We expect that gymnasts will recognize soccer-specific poses faster when they are presented rotated by different degrees around the X, Y, and Z-axes and when a parity decision (same-different judgement) is required.



2 Materials and methods


2.1 Participants

All participants were recruited at sports clubs through telephone requests by the investigator. The soccer experts (SS-E group) were male players from the German Youth Bundesliga. The soccer novices (SS-N group) were recruited from various soccer clubs in the district league (7th league, Baden-Württemberg). The gymnastics groups (GG-E, GG-N) were recruited from several clubs in the Baden-Wuerttemberg region, where gymnastics is mainly performed at the national and regional levels. Participants were included if they agreed to participate in the study. In this regard, it is a random selection of participants within the groups described above. Athletes had to be in good health and actively trained at the specified national and regional levels to be eligible.

Participation in the exploratory and preliminary study was voluntary, and participants received no financial compensation. They gave their written and verbal informed consent to participate in the study and were informed of the content and procedure of the study. None of the participants had previously participated in an experiment involving mental rotation tasks.



2.2 Stimulus material for the perceptual task with egocentric transformation

Smith Micro’s Poser® Version 8 3D graphics software was used to design the soccer-specific poses (see Figure 1 and Supplementary Material A). These poses, familiar to soccer players, show (1) an instep drive, a typical attacking position used to score a goal; (2) a cross ball, also called a fly ball; and (3) an inside kick, as used in passing.
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FIGURE 1
Sequence of the mental rotation experiment in E-Prime® using the example of the task with cubes.


The three poses, their mirroring, and the rotations (80°, 160°, 240°, and 320°) around the Z axis (vertical axis) were used (see Supplementary Material A; 3 poses × 2 reflection × 4 rotation angles × 1 axis “Z”). Thus, one cycle contains 24 poses/trials. These 24 poses were presented in three cycles: 24 poses × 3 cycles = 72 poses/trials. Participants were instructed to decide whether the soccer-specific pose depicted a human figure trying to kick the ball with the right or left leg as quickly as possible.



2.3 Stimulus material for the mental rotation task with object-based transformation

The mental rotation tasks’ stimuli consisted of identical or mirrored figures presented simultaneously and side by side. In all mental rotation tasks, participants had to follow an object-based instruction and decide as quickly as possible whether the two presented stimuli were the same or different, making as few errors as possible, regardless of their rotation in space (80°, 160°, 240°, and 320° in the X, Y, and Z axes).

In the mental rotation tasks, soccer-specific poses, cube figures, letters, and line drawings of hands were used (see Figure 1 and Supplementary Materials B–E). The different poses and cubes were presented in a randomized order and rotated around the X (horizontal), Y (transverse), and Z (vertical) axes. The letters and hands were also randomized and presented with rotations around the Z-axis only. The target figure of all stimuli (poses, cubes, hands, letters) was always presented in a 40° position (see Supplementary Materials B–E). The comparison figures were presented simultaneously in 80°, 160°, 240°, and 320° positions, side by side with the target figure. Figure 2 shows the angle that must be rotated to transform the comparison figure into the target figure. The angles selected in this way can be used to determine whether mental rotation is involved in processing the stimuli. If RT of 80° < RT of 320° < RT of 160° < RT of 240°, then mental rotation can be assumed due to the linear function (see Figure 2). This function also implies the ability to identify the shortest path for mental rotation (Takano, 1989).
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FIGURE 2
Schematic representation of the rotation function and the angles to be mentally rotated. The green (counterclockwise) and yellow (clockwise) arrows above the angle to be rotated indicate the shortest path of a rotation. For a 320° position of the comparison figure, one of the two figures (target or comparison figure) must be rotated by 80°.


We used the soccer-specific poses already used in the simple perceptual task shown in Figure 1 for the mental rotation task. The target pose and a comparison pose with different angular positions were presented simultaneously and side by side (see Supplementary Materials B, F; 3 poses × 2 reflection × 4 rotation angles × 3 axis “X, Y and Z”). A cycle of soccer-specific poses thus contains 72 trials. These 72 trials were presented in three cycles: 72 trials × 3 cycles = 216 trials.

The cubes for this exploratory and preliminary study were taken from the “Mental Rotation Stimulus Collection” by Peters and Battista (2008). This collection consists of 16 different stimuli, their reflections, and orientations from 0° to 360°, each with 5° angle variations. Three cubes from this collection were randomly selected (see Figure 1). An example of a cube with four orientations around the X–axis can be found in Supplementary Material C (3 cubes × 2 reflections × 4 rotation angles × 3 axes “X, Y and Z”). A cycle with cubes thus contains 72 trials. These 72 trials were presented in three cycles: 72 trials × 3 cycles = 216 trials.

The letters used are G, J, and R and their reflections (see Figure 1). Other studies have already used these letters (Cooper and Shepard, 1973; Kail et al., 1980). These letters are 2D and only presented in rotation around one axis (Z-axis) (see Supplementary Material D; 3 letters × 2 reflection × 4 rotation angles × 1 axis “Y”). A cycle with letters thus contains 24 trials). These 24 trials were presented in three cycles: 24 trials × 3 cycles = 72 trials.

The hands selected were those used in the experiments by Parsons (1987) and, a few years later, by Lameira et al. (2008). These are line drawings of three different hand positions (palm, back of the hand, and wrist; see Figure 1). These hands are 2D and presented only in rotation around one axis (Z-axis) (see Supplementary Material E; 3 hands × 2 reflection × 4 rotation angles × 1 axis “Y”). A cycle with hands thus contains 24 trials. These 24 trials were presented in three cycles: 24 trials × 3 cycles = 72 trials.



2.4 Experimental setup and procedure

The experiment was conducted using a notebook with a 17.3” display and the presentation software E-Prime®. For this purpose, a program structure was developed in E-Prime® to run the blocks and stimuli sequentially and to record the response times and the response accuracy. The blocks were presented in a randomized order, similar to the corresponding stimuli. The respective stimuli with a size of 8cm were presented on a white background. The participants used their index fingers to type their answers on two keys of the notebook keyboard. The answer key “x” (German keyboard layout) positioned on the left and the answer key “m” placed on the right were each color-coded (yellow for “same” or “left” and blue for “different” or “right”; depending on the task to be performed). The choice of the index finger was motivated by the need for standardized data collection and response time recording. Selecting the index finger could potentially minimize variability across participants (Yang et al., 2003), given that it is a commonly preferred and frequently used finger for various tasks (Cavina-Pratesi and Hesse, 2013). This approach aims to promote more uniform data collection across the study population. Annett and Annett (1979) illustrated that in tasks involving simple and choice reaction times, responses tended to be faster when alternating between fingers on different hands rather than those on the same hand. Furthermore, no discernible effects were noted based on hand preference or gender. Conversely, some researchers employ the left and right mouse clicks as response options (Kaltner et al., 2014; Pietsch et al., 2019). The experiment was conducted in a quiet room. The rooms were kept dark during the test phase to avoid light reflections on the screen.

The task was to respond to the stimuli as quickly as possible by pressing the correct key. The participants completed a short practice block after reading the instructions in E-Prime®. The practice blocks were designed to familiarize the participants with the stimuli and tasks and consisted of 10 practice trials for each stimulus and task. The test was not started until the practice block was completed with an accuracy of 66.6% (2/3 correct responses). If 66% was not achieved, the practice block was repeated. A short 5-min break was taken between the test blocks. The total test duration was approximately 60–80 min, depending on individual response times.



2.5 Statistical analyses

E-DataAid® was used for initial data inspection. Using E-Basic, the programming language underlying E-Prime®, a program command was written to filter the response times of correct trials (ms) and accuracy (%). Similar to Jost and Jansen (2020), reaction times were analyzed for rotated trials but not for trials in which the comparison stimuli were mirrored. Data was then analyzed using SPSS version 29.0 (SPSS Inc., Chicago, Illinois). R was used to graph the results (Wickham, 2016; R Core Team, 2023).

First, we examined the response times and accuracy for missing values, normality of distributions (tested by Kolmogorov–Smirnov tests), and the presence of outliers. An alpha level of 0.05 was used for all statistical tests. Group comparisons for continuous variables (such as age and BMI) were assessed using ANOVAs; categorical demographic variables were compared using Chi-Square. Effect sizes for all ANOVAs were reported using Partial Eta Square (η2p) (Lakens, 2013), with a small effect defined as 0.01, a medium effect as 0.06, and a large effect as 0.14 (Cohen, 1988).

A power analysis (Superpower; Caldwell and Lakens, 2019) was conducted on a 2x2x4 ANOVA with repeated measures design with 10 participants per cell (16 cells in our design). Assuming a medium effect size of f = 0.2828 (according to Brysbaert (2019), p. 7), an effect size of d = 0.4 is considered interesting, as it has practical relevance; f = (0.4 / √2), a standard deviation of 1.0, and a correlation of 0.2 [an effect size of d = 0.4 corresponds to a correlation of r = 0.2; Brysbaert (2019), p. 7], and with an alpha of 0.05, a power of 100% was found for the main effect of group, a power of 100% for the main effect of expertise, a power of 96.3% for the main effect of angle, a power of 6.1% for the interaction effect of group × expertise, 4.7% for the interaction effect of group × angle, 6.2% for expertise × angle, and 5.9% for the three-way interaction of group × expertise × angle. Due to the limited power for detecting interaction effects within our analyses, we can only provide reliable statements regarding the main effects, which aligns with the recommendation made by Brysbaert (2019).

We also conducted additional analyses to assess the impact of speed-accuracy trade-offs. Specifically, we examined the response time data to determine whether faster responses were associated with decreased accuracy, which could suggest a trade-off. For this purpose, bivariate correlations were calculated between each stimulus’s average reaction times and the respective stimulus’s average accuracy.


2.5.1 Analysis of the perceptual task with egocentric transformation

Bivariate correlations with the variables reaction time and rotation angle (40°, 80°, 120°, and 160°; see Figure 2) were calculated to show a linear trend in the egocentric-based transformation (same - different judgment) between angular disparity and reaction time. The larger the angular disparity between the two objects of comparison, the longer the response times. A monotonically increasing trend characterizes the relationship between response time and degree of rotation. Mental rotation can be assumed for linear trends and monotonic slopes (Cohen and Kubovy, 1993). Studies indicate that both “live matches” and “TV matches” impact the perception and performance of soccer skills (Bruland and van der Kamp, 2012), aligning with embodied perception theory (Shiffrar and Heinen, 2011, 2015). Pizzera and Raab (2012) delved deeper into the influence of motor and visual experience on decision-making among sports officials, emphasizing their significant role in perception. These findings emphasize the intricate connection between live/TV matches and sports-specific skill perception, with embodied perception theory playing a central role. For this reason, these factors were included as covariates to control for their confounding influence.

A 2 (sports: gymnastics and soccer) × 2 (expertise: experts and novices) × 4 (angle: 80°, 160°, 240°, and 320°) repeated measures ANCOVAs were performed for the mean response times at all rotation angles with each stimulus as the dependent variable and group as the fixed factor with “live matches” and “TV matches” as covariates (since not only motor expertise but also visual experience plays an important role in mental rotation performance; Kaltner et al., 2014) to examine group differences in the processing of the perceptual task with soccer-specific poses.



2.5.2 Analysis of the mental rotation task with object-based transformation

Bivariate correlations with the variables reaction time and rotation angle (40°, 80°, 120°, and 160°; see Figure 2) were calculated to show a linear trend in the object-based transformation (same - different judgment) between angular disparity and reaction time.

A 2 (sports: gymnastics and soccer) × 2 (expertise: experts and novices) × 4 (angle: 80°, 160°, 240°, and 320°) repeated measures ANOVA was performed to examine the group difference in reaction times of the mental rotation task with soccer-specific poses, cubes, letters, and hands (within-subject factors).





3 Results


3.1 Sample characteristics

Fifty-six participants (all male, age = 16.2 ± 1.12) voluntarily participated (see Table 1 for participant characteristics). The participants were divided into the following groups depending on their sports activity: Concerning soccer-specific sports experience, two experimental groups were formed. The soccer-specific expert (SS-E) group (n = 17; age = 16.4 ± 0.70) is playing for the B - junior team of a Bundesliga club, with a high soccer-specific expertise. The second group of soccer players (n = 19; age = 15.9 ± 0.87) is called soccer-specific novices (SS-N) since they have a significantly lower training volume and play in a lower league. The participants were asked to complete a questionnaire about their sports biography to obtain these characteristics. In addition, a third and a fourth group with gymnastics-specific experts (GS-E; n = 10; age = 16.6 ± 1.71) and gymnastics-specific novices (GS-N; n = 10; age = 16.0 ± 1.63) participated in the exploratory and preliminary study. The gymnasts competed mainly in the Swabian Gymnastics Federation.


TABLE 1 Characteristics of SS-E, SS-N, GS-E, and GS-N, including mean values (standard deviation) and an inferential statistical comparison of the groups.

[image: Table comparing different groups (SS-E, SS-N, GS-E, GS-N) on variables such as age, BMI, live and TV soccer matches, age at onset of training, training duration, and sports success. Statistical analyses are included with significant differences noted.]

Concerning the age of starting regular training, there was an expertise main effect (F(1,52) = 6.65, p = 0.013, η2p = 113) and a sports × expertise interaction effect (F(1,52) = 4.75, p = 0.034, η2p = 0.084). The SS-E started regular training significantly earlier than all other groups. Concerning the amount of training, the expertise groups differed significantly (F(1,52) = 120, p < 0.001, η2p = 698). Experts had a higher training volume compared to the novices. The difference in training volume between experts and novices was higher for the soccer players than for the gymnasts (F(1,52) = 16.4, p < 0.001, η2p = 239).

In addition to active sports, the additional involvement with soccer is also of particular interest. Overall, soccer players watch more live games and more games on TV compared to gymnasts. No expertise effect was found.



3.2 Results for the perceptual task with egocentric transformation

The bivariate correlation between angular disparity and response time (r = −0.08) showed no significant linear trend (p = 0.249). In contrast, the bivariate correlation between angular disparity and accuracy showed a significant linear trend (r = 0.179, p = 0.07). The correlations examining the Accuracy-Speed trade-offs reveal no significant relationships (r = 0.01, p = 0.997). An ANCOVA for response accuracy, controlled for live and televised soccer games, and the independent variables sports and expertise showed no significant effects for the main effect angular disparity or the interactions with the sports group and expertise group (see Figure 3 right graph). Only the between-subjects effect expertise showed an overall significant effect (F(1,48) = 4.31, p = 0.044, η2p = 0.086), with experts (86.0 ± 10.2) achieving higher overall accuracy than novices (80.1 ± 10.0). An ANCOVA for reaction time, controlled for live and televised soccer games, and the independent variables sports and expertise showed a significant interaction for angular disparity by sports (F(2.30,110) = 8.03, p < 0.001, η2p = 0.143). RTs did not differ in angular disparity for soccer players but for gymnasts (see Figure 3 left graph). In addition, there was a significant interaction between angle disparity and watching live soccer matches (F(2.30,110) = 4.95, p = 0.006, η2p = 0.093). Overall, people watching two or more games were equally fast for different angles. In contrast, those watching only one or no game were slower overall and showed higher RTS with increasing angle disparity. The between-subjects effect sports showed an overall significant effect (F(1,50) = 8.71, p = 0.005, η2p = 0.154), with soccer players (1479 ± 465) reacting faster than gymnasts (2119 ± 1091).


[image: Box plots comparing response time in milliseconds and accuracy in percentage across four groups: GS-E, GS-N, SS-E, and SS-N. GS-E and GS-N show higher response times, while SS-E and SS-N have lower response times. Accuracy is highest in GS-E and lowest in GS-N. Individual data points are shown as dots.]

FIGURE 3
RT and accuracy (mean and standard error) as a function of angular disparity for mental rotation of soccer poses with egocentric transformation.




3.3 Results for the mental rotation task with object-based transformation

The bivariate correlations between the angle to be rotated and the response times indicated a linear trend, with r = 0.233, p < 0.001 for the poses, r = 0.190, p < 0.001 for the cubes, r = 247, p < 0.001 for the hands, and r = 0.169, p = 0.011 for letters (see Figure 4).


[image: Scatter plot showing response time in milliseconds against angle disparity. Four conditions are represented: cube, hand, letter, and pose, each indicated by different colors. The trend lines show varying slopes across conditions, indicating different response time patterns as angle disparity increases.]

FIGURE 4
Linear trend between the response time (ms) and the angle to be rotated (disparity) separated by stimuli and groups. Linear fitting cures and individual data points. Angle disparity describes the angle to be rotated up to the target figure.


The bivariate correlations between the angle to be rotated and the accuracy indicated a linear trend, with r = −0.217, p = 0.05 for the poses, r = −0.216, p < 0.05 for the cubes, and r = −0.177, p = 0.008 for letters. No linear trend for hands (r = −0.129, p = 0.054) could be observed (see Figure 5). The correlations examining the Accuracy-Speed trade-offs reveal no significant relationships for poses (r = 0.252, p = 0.061), however a significant correlation for letters (r = 0.428, p < 0.01), hands (r = 0.275, p = 0.040) and cubes (r = 596, p < 0.001).


[image: Scatter plot showing accuracy percentages against angle disparity in degrees for different conditions: cube (green), hand (yellow), letter (orange), and pose (blue). Trend lines display varying slopes with shaded confidence intervals, indicating decreased accuracy with increasing angle disparity.]

FIGURE 5
Linear trend between the accuracy and the angle to be rotated (disparity) separated by stimuli and groups. Linear fitting cures and individual data points. Angle disparity describes the angle to be rotated up to the target figure.


The 2 (sports: gymnastics and soccer) × 2 (expertise: experts and novices) × 4 (angle: 80°, 160°, 240°, and 320°) for accuracy as well as RT of soccer poses showed a main effect for angle disparity, with the highest accuracy for the 80° condition and the longest RTs for 160° and 240°. No significant interactions between angle disparity and sports or expertise were observed. The between-subjects effect sports showed an overall significant effect (F(1,52) = 6.05, p = 0.017, η2p = 0.104) for accuracy, with soccer players (77.1 ± 16.2) achieving lower overall accuracy than gymnasts (87.3 ± 10.2).

The 2 (sports: gymnastics and soccer) × 2 (expertise: experts and novices) × 4 (angle: 80°, 160°, 240°, and 320°) ANOVA with repeated measures for accuracy, as well as RT of cubes, showed a main effect angle disparity, with the highest accuracy for the 80° condition and the longest RTs for 240°. No significant interactions for angle disparity with sports or expertise were observed. The between-subjects effect sports showed an overall significant effect (F(1,52) = 20.0, p < 0.001, η2p = 0.278) for accuracy, with soccer players (63.8 ± 13.0) achieving lower overall accuracy than gymnasts (79.2 ± 10.3).

The 2 (sports: gymnastics and soccer) × 2 (expertise: experts and novices) × 4 (angle: 80°, 160°, 240°, and 320°) ANOVA with repeated measures for accuracy as well as RT of letters showed a main effect angle disparity with the highest accuracy for the 80° and the 320° condition and the longest RTs for 160° and 240°. Furthermore, there were significant interactions for RT between angle disparity and sports and expertise. Soccer players had significantly higher RTs than gymnasts, especially for the angular degrees 160 and 240; experts, in turn, had higher RTs, especially for the angular degrees 240 and 320. The between-subjects effect sports showed an overall significant effect (F(1,43) = 10.2, p = 0.003, η2p = 0.192), with soccer players (1811 ± 935) reacting slower than gymnasts (1378 ± 594).

The 2 (sports: gymnastics and soccer) × 2 (expertise: experts and novices) × 4 (angle: 80°, 160°, 240°, and 320°) ANOVA with repeated measures for accuracy as well as RT of hands showed a main effect angle disparity, with the highest accuracy for the 80° condition and the longest RTs for 160° and 240°. No significant interactions for disparity with sports or expertise were observed. The between-subjects effect sports showed an overall significant effect (F(1,47) = 9.34, p = 0.003, η2p = 0.175), with soccer players (2060 ± 681) reacting slower than gymnasts (1514 ± 489).

The inferential statistical results of the ANOVAs are presented in Table 2. Figures 6, 7 show the results for RT and accuracy of the mental rotation tasks separated by stimuli and group.


TABLE 2 Results of the 4 (group: SS-E, SS-N, GS-E, and GS-N) × 4 (angle: 80°, 160°, 240°, and 320°) ANOVA with repeated measures for response time and accuracy of the mental rotation task with poses, cubes, letters, and hands (mean & SD).
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FIGURE 6
Results of response time in the mental rotation task separated by stimuli and groups. Boxplot with individual data points and density function. GS-E, gymnastic-specific expertise; SS-E, soccer-specific expertise; SS-N, soccer-specific novices.



[image: Scatter plot with four box plot sections labeled cube, hand, letter, and pose, showing accuracy percentages from forty to one hundred percent. Points are color-coded for groups GS-E, GS-N, SS-E, and SS-N.]

FIGURE 7
Results of accuracy in the mental rotation task separated by stimuli and groups. Boxplot with individual data points and density function. GS-E, gymnastic-specific expertise; SS-E, soccer-specific expertise; SS-N, soccer-specific novices.





4 Discussion

The exploratory and preliminary study aimed to compare the mental rotation performance of gymnasts and soccer players of different expertise levels. Given this study’s limited number of cases, it is advisable to interpret the results with caution. Particularly due to our small sample size and limited statistical power regarding the interaction effects, definitive conclusions cannot be drawn (refer to Brysbaert, 2019, p. 27). This should be considered when interpreting the results and in the subsequent discussion.

Soccer-specific poses were utilized in the initial perceptual task, requiring participants to make right-left decisions. The study assessed whether this task induces an egocentric transformation and whether differences are present among the groups. We found no significant correlation between response time and angular disparity, suggesting no object-based transformation was involved. We also found no significant differences in accuracy or response times between the groups. Nonetheless, SS-E displayed increased response accuracy and consistent response times compared to both groups. On the other hand, GS-E displayed the longest response times, which was consistent with our expectations.

In a second mental rotation task, participants were asked to determine parity (judging whether the figures were the same or different) between a target and a comparison figure using various stimuli such as cubes, poses, letters, and line drawings of hands. The purpose was to evaluate whether this task resulted in an object-based transformation (indicated by a linear trend between response time and angular disparity) and whether the groups exhibited discrepancies based on the stimuli. The significant correlation among response times for cubes, hands, and poses suggests that a parity decision prompted an object-based transformation, specifically for unfamiliar cube figures. However, we cannot detect a significant positive linear trend between response time and angular disparity for letters, indicating that they are not mentally rotated. A group effect is observed in response times and accuracy for cubes, drawings of hands, and soccer-specific poses, with the GS-E group exhibiting advantages. Gymnasts were quicker to perceive all stimuli and had lower response times. Even in soccer-specific poses, gymnasts perceived stimuli faster when presented around various axes. Notably, the results of the experts show that orientation in space is of greater importance than the specific pose. When presented upside down, gymnasts perceive soccer-specific poses faster than soccer players. However, soccer players do not recognize soccer-specific poses faster when presented upside down. Mental rotation of letters is not observed, as no positive linear trend between response time and angular disparity nor any group differences are evident.

Athletes have accumulated significant sensory and motor expertise through years of training and performing diverse activities and skills (O’Regan and Noë, 2001; Blake and Shiffrar, 2007). This expertise leads to neurophysiological and psychological modifications in various body systems, resulting in a sensorimotor system that differs considerably from non-athletes (Tomasino et al., 2013). Thus, mental rotation performance is expected to differ depending on the sensorimotor and psychomotor characteristics of individuals with varying levels of sports-specific expertise. Moreau et al. (2012) instructed their participants to complete a mental rotation test before and after engaging in specific physical training. While mental rotation ability was observed for one activity (wrestling), it was not observed for the other (running). The results indicate that the wrestling group performed better than the running group in the mental rotation test following the physical training. This suggests that adaptations resulting from the training affected mental rotation performance.

Embodied cognition theory asserts that physical movement and motor imagery share a common process, as Wohlschläger and Wohlschläger (1998) explain. Advocates of embodied cognition propose that the organism’s sensory and motor systems are dynamically integrated. This concept is called sensorimotor coupling, which facilitates the efficient use of sensory information during action. Embodied cognitive perspectives have the potential to inform and influence research on motor skills in the domains of sports and sports psychology (Beilock, 2008). Research findings have revealed that the embodiment hypothesis operates in numerous ways in sport-related contexts, including action-specific perception, comprehension, prediction, and decision-making (Calvo-Merino et al., 2005; Casile and Giese, 2006; Moreau et al., 2011, 2012). Action-specific perception, also known as perception-action, is a psychological theory that posits that individuals perceive their environment based on their ability to act (Proffitt, 2006; Witt, 2011). Numerous studies have documented action-specific effects across various contexts (Witt and Proffitt, 2008). The action-specific perception account supports the idea that perception involves processes linking the environment/objects and the perceiver’s capability for action. Similar objects or environments, such as specific soccer poses, including full-span kicks, cross balls, and inside kicks used in passing, appear different depending on the observer’s abilities. As these abilities change over time and with experience, an individual’s perception of comparable objects and environments will similarly change. Soccer players, and especially experts, demonstrate greater accuracy and speed in perceiving single poses, as evidenced by response times that are more consistent and less variable. In contrast, gymnasts exhibit better performance in object-based transformation tasks. These findings corroborate the results of Feng et al. (2017), which showed that sports experts could also make same-different judgements about cubes and hands.

Uttal et al.’s (2013a) taxonomy of spatial abilities is valuable in broadening the perspective that specific sports affect varied visuospatial abilities. The framework emphasizes the intrinsic and extrinsic dimensions of spatial abilities and static and dynamic visuospatial abilities. Extrinsic and dynamic visuospatial abilities are frequently observed in team sports like soccer (Matos and Godinho, 2006). Our exploratory and preliminary study found that soccer players demonstrate improved performance in perceptual tasks due to their better utilization of the visual field in peripheral vision and high binocular visual acuity. In contrast, sports such as gymnastics rely on intrinsic visuospatial abilities that depend on somatosensory information (Pietsch et al., 2019). Thus, this may explain why gymnasts excel in the object-based mental rotation task for all types of stimuli, including soccer-specific poses (see Pietsch, 2018).


4.1 Perceptual task with egocentric transformation

We propose that there was no object-based transformation in the initial perceptual task featuring soccer-specific poses. This is because the positive slope criterion of Cohen and Kubovy (1993) was not met. However, numerous studies demonstrate a linear or monotonic increase in reaction time associated with an angular disparity in tasks involving egocentric mental rotation, even though these studies often do not explore the theoretical differences between mental rotation, egocentric transformations, and perspective taking (Kessler and Rutherford, 2010; Jansen and Kaltner, 2014; Kaltner and Jansen, 2014; Voyer et al., 2017; Yu and Zacks, 2017). Based on these findings, it appears that relying solely on a linear correlation between increasing angular disparities and reaction times, as well as considering different instructions or tasks, is insufficient for distinguishing between object-based and egocentric transformations.

Thus, our study’s results do not definitively rule out the possibility of object-based transformation. To successfully complete the mental rotation task in the back view, only a minimal rotation around the body’s longitudinal axis is required to match the orientation of the target pose with one’s own orientation. From the participants’ perspective, mentally moving forward is enough to assume the presented soccer-specific target pose (Steggemann and Weigelt, 2011). While a frontal view of the poses at 80° and 320° angular deviation from the target figure may require an object-based transformation, the back view of the poses at 160° and 240° angular deviation from the target figure does not. The post hoc assessment of poses viewed frontally (at 80° and 320° angles) revealed a significantly faster response time (M = 1924, SD = 1172) than poses viewed from the back (M = 1673, SD = 787.6.4), t(55) = 3.61, p < 0.01, d = 0.251. These findings support Steggemann and Weigelt’s (2011) explanation of an egocentric transformation.

Steggemann et al. (2011) demonstrated that athletes outperformed non-athletes only in mental left-right rotation tasks (egocentric transformations) when considering the effects of expertise and its advantages. Kaltner et al. (2014) demonstrated that sports expertise facilitated performance exclusively for egocentric transformations by eliciting embodied spatial transformations in response to the human body stimulus. However, no evidence of expertise influencing performance in an object-based transformation task with equal-unequal decisions was found. Furthermore, in Feng et al.’s (2017) study on egocentric transformation, participants’ ability to judge body postures was expedited due to their greater familiarity with bodily experiences from a first-person perspective in everyday life. This familiarity potentially enhances performance on egocentric mental rotation tasks. Habacha et al. (2014) discovered a selective effect of motor expertise, as evidenced by the superior performance of sports experts. This was attributed to the increased embodiment of spatial transformations, as indicated by a higher correlation between the mental rotation task and the sports situation. The study affirms a strong association between physical movement and mental execution and identifies the particular aspects of physical activity that affect mental rotation performance. Jola and Mast (2005a,b) conducted tests on both elite dancers and nondancers using a mental body rotation task. They observed no discrepancies between the two groups in their egocentric task involving line drawings of human bodies.

Our exploratory and preliminary study observed No significant group differences in response times. As expected, GS-E and GS-N exhibited the longest response times. Regarding accuracy, a critical factor in decision-making and follow-up actions specific to sports such as soccer, SS-E demonstrated an advantage with an average accuracy rate of 87.7% (compared to GS-E’s 80.8%, SS-E’s 80.8%, and SS-N’s 78.3%). However, the group differences in accuracy, similar to those observed for response times, did not reach significance. This variability in both response time and accuracy is evident in GS-E, GS-N, and SS-N. In contrast, SS-E presents less variance, suggesting a homogeneous group with consistent performance. Gymnasts exhibit lower accuracy rates due to difficulties in identifying soccer-specific poses, resulting in slower decision-making regarding which leg to use for kicking. Egocentric transformations pose a greater challenge for them. Soccer players use the poses to train three skills: full-span kick, cross ball, and inside kick, which are common movements in the game. These skills are observed and practiced during training routines.



4.2 Mental rotation task with object-based transformation

The significant associations between the response times of the cubes, hands, and poses indicate that the parity decision induced an object-based transformation. Specifically, we noted a pronounced linear trend in object-based mental rotation for unfamiliar cube figures. These findings align with Kosslyn et al.’s (1998) research, which exhibited a robust object-based transformation for cube figures. The cube figures elicit the longest response times compared to all other stimuli, with the lowest response accuracy. There is a significant difference in response accuracy between gymnasts and soccer players. It is reasonable to assume that sport-specific expertise affects accuracy. Gymnasts possess enhanced spatial ability, which aids in their object-based mental rotation skills, specifically for internally represented objects like cubes, due to the physical requirements of their sport.

Although there seem to be consistent results in mental rotation tasks involving objects such as cubes, findings for human figure rotation are not universally clear-cut and do not exhibit a linear relationship between angular disparity and response time. Parsons observed no linear correlation between response time and angular disparity. The initial research on the mental rotation of figures traces back to Parsons’ 1987 study. He attributed these outcomes to participants’ various techniques to complete the mental rotation tasks. Parsons argued that in contrast to comparing two cubes, mental body rotation necessitates participants to adopt the body position and orientation of the shown stimulus. The study by Zacks et al. (2002) indicates that two types of transformations can be produced depending on the task and instructions. The first type is object-based transformation, which involves mentally rotating objects relative to the reference frame of the environment. The second type is the egocentric, perspective-based transformation, which involves mentally rotating one’s own point of view relative to the object’s reference frame. Due to the linear relationship between angular disparity and response time, we can infer an object-based transformation for the poses analyzed in our research.

Due to the linear relationship between response time and angular disparity for the hand stimuli, it can be inferred that the processing of the task involves object-based mental rotation. Gymnasts outperformed both soccer groups in responding to all hand positions and orientations, which may be attributed to their sport-specific expertise and frequent use of hands. This outcome suggests that motor processes are utilized while performing this task. Response times cannot be assumed to be particularly long when encountering difficulty or inconvenience in positioning their hand to compare the target figure, as the 80° and 320° orientations vary significantly from the 160° orientation but not from the 240° orientation. These findings contrast with the studies conducted by Funk et al. (2005) and Petit and Harris (2005). Both groups of researchers demonstrated that response times were influenced by various factors, including the position of the participant’s own hands, the comfort of the posture depicted, and the difficulty in moving one’s hand into the position of the displayed hand. Additionally, the study revealed that the kinematic constraints of natural motion affect the direction of mental transformation and, therefore, response time trajectories. Response times were affected by both angular disparity and the feasibility of hand movements. This suggests that the body’s motor system plays a role in the mental rotation process when dealing with hand stimuli, distinguishing it from other stimuli types.

In contrast, there is no evidence of mental rotation occurring with letters, as there is no significant positive linear trend between response time and angular disparity. Additionally, the linear increase observed in Cooper and Shepard’s (1978) studies was not as distinct as that observed for cube figures. This finding supports the idea that the mental rotation of objects, like letters, is done using allocentric coordinates, while the mental rotation of body parts, like hands, is done using egocentric coordinates. Another possible explanation for the absence of a linear relationship is that participants may have a higher tolerance for slope when determining the equality of letters (Corballis, 1986). In this regard, the study by Young et al. (1980) demonstrated that neither children nor adults need to mentally rotate letters to identify misaligned letters, as the critical features for recognition are extracted. The visual system detects the objects’ structural properties that remain unchanged despite angular variations. These angle-independent and orientation-independent features help identify the letters’ corresponding components. Once determined, the parity decision can be made without mental rotation.



4.3 Limitation, implication, and future direction

It is essential to note the methodological limitations of our research. We could not compare all stimuli directly because cubes and poses are 3D images rotated around three axes, while letters and hands are two-dimensional and rotated on one axis only. As a result, we averaged mental rotation performance across all rotation axes in the respective stimuli instead of showing the function of a single rotation axis. When designing a mental rotation experiment, it is crucial to consider the variety of information processing steps involved and that response time does not reflect the pure “mental rotation time”. Heil (2002) and Jansen-Osmann and Heil (2006) describe analogous sequential processing steps. The mental rotation tasks involve stimulus identification, mental rotation, parity decision, response selection, and motor processes. When discussing response time in mental rotation tasks, it is important to acknowledge that this term represents all processing steps involved. Future studies would benefit from differentiating and analyzing each step to enable detailed statements about the mental rotation process. For a general overview of test design (albeit in relation to psychometric tests and sex differences), see also (Jost and Jansen, 2023). The summarized literature includes comparisons of the stimulus material and the axis of rotation.

The sample size is too small to draw practical and reliable conclusions about the evaluated factors. According to Brysbaert (2019, p. 27), very little research can be adequately conducted with a sample of less than N = 100 participants per between-subject group. Brysbaert emphasizes that studies with inadequate sample sizes often fail to detect genuine effects. When effects are observed in such studies, it is usually due to disproportionately large effect sizes within the small samples. Additionally, there is a risk that results that appear to be significant may not actually hold, especially in complex research designs such as the one in the present study. Brysbaert suggests that research with limited participant numbers should focus on topics that can yield reliable results even with a limited amount of data rather than defending studies with too small sample sizes. Specifically, the focus should be on the main effects between two reliably measured within-subject conditions. In this respect, particular caution is required when interpreting the interaction effects within the scope of the study. Additionally, Brysbaert and Stevens (2018) suggest that 216 trials per condition is too low. The authors recommend at least 40 trials per condition to account for the natural variance in reaction times. However, our study only has nine trials per stimulus.

Furthermore, it would have been advantageous to more distinctly separate the groups of soccer-specific experts and novices. Swann et al. (2015) developed a classification system for sports expertise samples, categorizing various types of elite competitive athletes. They propose a method for selecting a valid expert sample. Our exploratory and preliminary study considers variables A, which refers to “highest standard of performance,” and B, which signifies “success at the athlete’s highest level,” in its definition of sports comparison. It distinguishes between soccer players of higher and lower leagues and inquires about their highest sports success. However, the study does not consider variable C, which pertains to “experience at the athlete’s highest level.” Additionally, the variables for comparing sports (D: “Competitiveness of the sport in the athlete’s country” and E: “Global competitiveness of the sport”) were not considered, as all athletes were recruited in Germany.

The chosen soccer-specific poses should have been determined through a consensus of experts. While the current study recognizes a difference in response times between individual poses with egocentric transformation in soccer players versus gymnasts, selecting appropriate poses based on a prior survey would have been beneficial. More accurate results could have been achieved by choosing poses with the highest level of agreement (and recognition).

Specific training can lead to specialized adaptations and improved performance on spatial cognitive tasks. Individuals experiencing difficulties with mental rotation tasks may benefit from this type of training. Concurrently, cognitive training targeting spatial cognition may also improve sport-specific skills. Performance could be further augmented during training breaks or injury interruptions. The precise effects, relationships, and dependencies of these mechanisms are currently unknown, hindering our ability to provide clear recommendations for action.




5 Conclusion

In this exploratory and preliminary study, we investigated the mental rotation abilities of gymnasts and soccer players at different levels of expertise. It was found that soccer players, particularly those with high expertise, are faster at recognizing soccer-specific poses when making left-right decisions, indicating a mental rotation process with egocentric transformation. In contrast, our findings show that gymnasts can recognize soccer-specific poses rotated around various axes more quickly and with fewer errors. These results suggest that gymnasts perform faster and more accurately in mental rotation tasks involving object-based transformations, particularly with unknown cube figures, line drawings of hands, and soccer-specific poses. At the same time, no significant differences were observed in the mental rotation of letters. These results suggest that sporting practice and associated motor expertise may enhance the ability for mental rotation, particularly regarding egocentric transformations.

However, it is essential to acknowledge that the preliminary study has methodological constraints due to its small sample size and the limited number of trials per condition. Therefore, the lack of statistical significance in our results does not necessarily indicate the absence of an effect or a relationship between the variables studied. An actual effect may exist but could not be statistically proven due to insufficient sample size and test power. This affects the robustness of the findings and calls for further research with larger sample sizes and increased trials (see Brysbaert, 2019) in mental rotation experiments.
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This study explored video-based decision-making and eye-movement behavior as a complementary method to assess the decision-making skills and knowledge of elite junior Australian Rules (AR) Football players. Performance was measured twice over an 18-month period. This approach tested a practical and reliable assessment of decision-making and game knowledge that does not contribute to physical training load. N = 59 participants were categorized based on their training age groups, U14 (N = 38, Mage13.37 ± 0.47) and U16 (N = 21, Mage14.80 ± 0.39). Participants watched 14 brief video clips and provided action choices while wearing eye-movement recording glasses that captured visual search patterns (e.g., fixations). Decision accuracy and speed of decision-making were also recorded. Participants with accurate decisions made significantly faster decisions compared to less skilled players (p < 0.001). Further, skilled participants had significantly fewer fixations of shorter duration compared to less skilled participants at both the initial and follow-up testing sessions (p < 0.0001). This suggests that eye-movement characteristics, remain a relatively stable measure over moderate periods of time. With the ability to differentiate between more and less skilled decision-makers, this proof-of-concept study proposes that examining eye movements in relation to decision-making and game knowledge is a viable tool for Talent Identification and Development (TID) to complement current measures. We provide a platform for further development and research in the quest for efficient and effective talent identification processes.
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Introduction

The ability to identify performers with a high potential for development within junior team sports is challenging as it requires the consideration of a range of multidimensional elements (Falk et al., 2004; Farrow and Raab, 2008). These elements include physiological, physical, psychological, technical, and tactical variables (Light and Harvey, 2019). Another challenge in talent identification and development (TID) programs is forecasting elite performance over the course of a junior athlete’s development into adult competition, given the influence of variable rates of maturation, individual learning and coaching styles, and the volume of and opportunity for practice. These challenges drive continued efforts to evolve TID systems to ensure that a club’s resources are invested for the most suitable athletes.

The Australian Football League (AFL), which operates the Australian Rules (AR) football competition, uses a cross-sectional design to identify talented junior athletes with potential. A cross sectional approach assumes that identified sport-specific characteristics develop in a “linear” manner from elite junior to elite senior contexts (Güllich and Emrich, 2012) and tests athletes within the same age groups across a range of sport-specific performance measures. Talent-identified junior athletes are then invited to participate in development programs provided by regional and state-based academies. During these development programs, athletes are exposed to expert coaching and specific interventions designed to accelerate the acquisition of sport-specific skills required for success in elite senior competitions (Matthys, 2012; Johnston et al., 2018). The talent development program also exposes athletes to a greater volume of effortful, work-like practice and structured training, which some research shows facilitate elite performance (Ericsson et al., 1993; Ford et al., 2009). However, state-based academies can only take in a limited number of athletes who demonstrate the potential to achieve elite levels of performance. Hence with limited places in these programs, it is critical that the TID process is effective and efficient in its selections while also minimizing talent wastage.

Despite the necessity for efficiency in TID procedures, some limitations remain. First, athlete testing remains focused on the physical and physiological attributes of the individuals (e.g., speed and technical ability) (Burgess et al., 2012; Woods et al., 2016). Current practice also does not sufficiently consider the influence of variation in maturation status, and that chronological age and biological maturity do not develop at the same rate for all individuals. For example, a 15-year-old athlete may have a biological maturation above or below their actual age, which could influence performance characteristics (Beunen et al., 2000; Cripps et al., 2017; Gogos et al., 2020). Moreover, the relative age effect, in which birthdate relative to selection year for sport influences progression (Kelly et al., 2024), may amplify or moderate variations in maturation status. In addition, given the dynamic nature of sports, athletes tend to compensate for different strengths and weaknesses. For example, skilled decision-makers may use this ability to compensate for any physical and/or technical skill deficiencies (Wolstencroft and House, 2002; Woods et al., 2016).

A further limitation of current TID practices in AR football relates to how perceptual cognitive skills such as decision-making are assessed. Specifically, making fast and accurate decisions is a critical skill in AR football (Farrow et al., 2008; Woods et al., 2016), and requires a player to accurately select the correct choice from a range of alternatives under varied environmental contexts (Bruce et al., 2012; Dicks et al., 2019). Effective sport decision making also requires the integration of perceptual, cognitive, and motor skills (Gréhaigne et al., 2001), and in team sports, the ability to learn the team’s particular game play and decision-making style as directed by the coach. This latter declarative knowledge is influential at junior stages of development and sport pedagogy (Dong et al., 2023).

Assessment of the tactical decision-making and declarative knowledge component of gameplay remains subjective. Indeed, the primary means of assessing decision-making is for recruiters to observe the performance of players in gameplay and pass judgment (Burgess et al., 2012; Larkin et al., 2020). While a primarily subjective process has its place (MacMahon et al., 2019), more objective assessments of perpetual-cognitive skills such as decision-making can complement subjective assessments and increase efficiency in TID efforts. In addition, junior athletes continue to develop declarative game knowledge, as an essential foundation for effective skill and tactical learning within professional contexts, and for general perceptual-cognitive skill (Américo et al., 2017). It is the challenge of assessing junior athletes’ game knowledge and decision making through a more objective measure which this research aims to address.

To help understand the assessment of decision making and game knowledge, it is useful to dissect the underpinning processes. Decision-making is influenced by the ability to perceive and integrate complex moving patterns while allocating attentional resources to different key areas of dynamic plays, to make appropriate action choices (Williams and Jackson, 2019). Research has shown that three main factors underpin perceptual-cognitive skill, including visual search strategy, processing cognitive information, and anticipatory expectations within the display (Farrow et al., 2008; Woods et al., 2016). Visual search is most relevant to this study and may be measured relative to decision-making and game knowledge to improve TID programs. For example, research shows that skilled decision-makers use more efficient visual search strategies, and faster cognitive processing is linked to advanced cue utilization (Cardoso et al., 2021). These processes allow the identification of familiar patterns and key areas of importance within a display, enhancing anticipation (Allard and Starkes, 1980; Abernethy, 1990; Güllich and Emrich, 2006; Afonso et al., 2014; Williams and Jackson, 2019; Vater et al., 2020).

While several studies have attempted to quantify decision-making skill within AR football (Lorains et al., 2013; Woods et al., 2016), few have investigated the decision-making skills of junior athletes and the possible influence of maturation stages on this skill.

This study expands on previous findings, by using a film-based decision-making task and eye movement registration to explore the decision-making abilities and processes of elite junior AR football players. Specifically, this study explores the relationship between eye movement behavior and decision-making when differentiating more and less skilled junior decision-makers. Laurent et al. (2006) state skilled athletes exhibit fewer fixations and are more likely to identify and recognize more meaningful patterns in various scenarios more accurately when compared to less skilled players. Therefore, we hypothesized that skilled decision-makers would demonstrate more efficient eye-movement behaviors incorporating fewer fixations on redundant information, and more fixations of shorter duration on relevant cues when compared to less skilled decision-makers (Brams et al., 2019; Vitor de Assis et al., 2020).



Methods


Participants

Fifty-nine junior male AR football players were recruited for this study from an elite state football academy. At the time of testing no female squad had been established thus we were restricted to male players only. Players were members of the development squad for the 2018 season. Participants were categorized based on their training age groups, U14 (under 14 years) (n = 38, Mage13.37 ± 0.47) and U16 (under 16 years) (n = 21, Mage14.80 ± 0.39). Eighteen months later at the follow-up stage, only 18 of the original 59 participants were still members of the academy programs due to dropout or deselection. This second subsample provided an assessment of a relatively more successful subgroup. At the follow-up, participants were categorized in the same manner as the initial testing, that is respective to age U16 (n = 13, Mage14.91 ± 0.48) and U18 (n = 5, Mage16.40 ± 0.19). All participants provided informed consent before involvement with the study following the ethics protocol approved by the University Human Research Ethics Committee.


Video footage

The video footage for testing was provided by the professional AR football club involved in this study and was from stored game-day footage captured during the 2017 and 2018 seasons. Two different viewing perspectives were available: behind the goals and broadcast (televised footage). This ensured that all clips portrayed an offensive play. Players had between three and five options to choose from, with a lead time of 15 s before the decision-making moment (Woods et al., 2016). The initial videos were sourced from the 2017 season, while the follow-up group had a new set of videos sourced from the 2018 season.



Decision-making options

A total of 40 videos were identified for use in this study and reviewed by three highly experienced coaches, each with a minimum of 10 years of coaching at state or higher levels. Each coach was asked to identify the best passing options for the player in possession of the ball. Coaches independently ranked their top three options based on a 3–2–1–0 scale. Three represented the most “ideal” option and one represented the “least ideal,” but still acceptable option. Zero points were awarded for any other “unacceptable” option. Only videos where all three coaches agreed upon the three options were included. The same coaches reviewed both initial and follow up video clips. From the range of clips provided to the coaches, 14 videos fitted the criteria to use in the initial testing, while a second set of videos fitting the same criteria were used in the follow up study.



Eye-tracking technology

TobiiPro Glasses 2 (Tobii AB, Stockholm, Sweden) eye-tracking glasses were used to measure the eye-movement behavior of the participants during the film-based decision-making task. The glasses collected visual search data at a rate of 50 Hz with 82° horizontal and 52° vertical visual angle of precision. The Tobii Pro Analyzer software program coded all recordings, which produced data for the following variables:

	• Decision Time (DT): measured from the moment the video paused at the critical decision-making moment until the participant made a verbal response.
	• Number of fixation(s): from the critical decision-making moment until participants made the first verbalization indicating their decision.
	• Duration of fixation(s): Each coded fixation automatically also recorded the duration of fixation (across all locations).
	• Total duration: the sum of all individual fixation durations.

In addition, the visual display was allocated into one of four areas: Defenders (D), Options (O), Player with the ball (B), and Space (S) for further analysis into participants’ gaze behaviors.



Procedures

Testing was conducted across both regional and rural training locations which are within the geographical catchment area for the professional football club involved in this study. On arrival, the chief investigator read a dialogue sheet providing the details of the procedure. With consent, participants were fitted with eye-tracking glasses, followed by individual calibration. Participants stood in front of the screen, ensuring optimal positioning. If required, the height and distance measurements were adapted to each participant, ensuring eyesight was in the center of the display, allowing for the greatest compatibility.

Before the commencement of the task participants were told they would watch 14 individual clips of game day footage. At a critical point in play, the video clip would stop at which point participants were instructed to state what decision they would make if they were the player in possession of the ball. They were also told that they would only have a four-second window to verbalize (Woods et al., 2016). To ensure participants understood the process they watched two familiarization clips recorded from a similar viewpoint as the test clips. Once ready, participants viewed each of the 14 randomly sequenced clips providing their decision after each clip. The participant’s score was matched with the scale (3–2–1–0) agreed upon by the three independent coaches. Participants received a 0 if they selected an option outside of the coach’s identified appropriate options or if they did not make decisions within the allocated 4 s. An example of the final critical moment of a video clip is shown in Figure 1.

[image: An Australian Rules football match in progress, with players in motion on the field. A player in a white uniform is highlighted with a red circle near the center of the image. The stadium has partially filled yellow and red seats and advertising banners reading "bet365" along the perimeter.]

FIGURE 1
 An example of a critical decision-making moment, used for the film-based task. For this example, the player with the ball is circled for reference. The team in dark the colored uniforms is the offensive team.





Statistical analysis

All results were collated, and various statistical procedures were implemented using the Statistical Package for Social Sciences (SPSS, Version 22). Descriptive statistics for all variables were calculated and are reported as mean ± standard deviation (SD). An alpha level of p < 0.05 was selected as the criterion for significance for all statistical procedures. A mixed model binomial logistic regression was used to account for the multiple responses, allowing the variance between videos to predict whether players can be correctly classified (skilled v. less skilled) from the independent variables.

Participants were initially divided into age groups of U14 (n = 38) or U16 (n = 21), based on a biannual age group system used within state academies for the initial testing phase. At the follow-up however, data were grouped as one age cohort, due to the small numbers and close ages (n = 13 for U16; n = 5 for U18). While this drop in participant numbers created a limitation to the data, the elite nature of the sample which naturally decreases as you reach the elite level of competition warrants continued analysis. Response accuracy (RA) was then used to stratify participants based on their decision-making. We categorized responses into two groups to allow for comparison and to predict the probability of observations falling into the skilled group (3 = Skilled; 2, 1, 0 = Less Skilled). To examine the potential of eye-movement data to predict skill level, a Receiver Operator Characteristic (ROC) curve was used to indicate the players’ level of ability and to predict skilled decision-makers.

Two researchers independently coded the eye movement data via Tobii Pro Analyzer, which involved manually mapping fixation points and allocation of the different areas of interest (AOIs). Once coding was complete, the data was checked for consistency and agreement in coding locations and categories. The level of agreement between coders was very high (>95%). Where differences in coding occurred, the raters discussed and clarified the code.




Results


Decision time


Initial test session group analysis

On average, the skilled participants within both U14 and U16 groups made significantly faster decisions (U14: 1.67 ± 0.87 vs. 2.58 ± 1.87; U16: 1.94 ± 0.84 vs. 2.46 ± 1.57) (Figure 2). A binomial logistical regression analysis indicated that for every 1 s increase in DT, there is 0.640 reduced likelihood of being in the skilled group (p = 0.001, 95%CI [0.3.02, 0.507]). The model also highlighted between age-group differences, with the older group more likely to be faster when making skilled decisions (p = 0.023, 95%CI [0.486, 0.947]).

[image: Box plot comparing mean decision time in seconds across four categories: U14 Skilled, U14 Less Skilled, U16 Skilled, and U16 Less Skilled. U14 and U16 Skilled groups show lower median decision times, with outliers marked by asterisks.]

FIGURE 2
 Mean decision time(s) and standard deviation between skilled and less skilled participants across both age groups. *Significantly different compared to the less skilled group (p < 0.05). Mid-line represents the median time for that group. Also note that the less skilled groups in each age range exhibited the greatest variation in decision time.




Follow-up test session analysis

At the follow-up testing session, participants demonstrated a similar pattern to that in the initial test, where skilled participants made decisions significantly faster (p < 0.05) compared to less skilled participants (2.06 ± 0.80s vs. 3.84 ± 2.16 s, respectively) (Figure 3). The mixed model logistic regression indicated that for every 1-s increase in decision time, the likelihood of being in the skilled group reduced by 0.48[CI 95% 0.370, 0.624]. When compared to the initial test session group, overall, the follow-up test session participants made slower decisions compared to the initial responses (2.84 ± 1.78 s vs. 1.82 ± 1.17 s, respectively). However, this time difference was not significant and did not result in a more skilled response accuracy.

[image: Box plot comparing mean decision time in seconds between skilled and less skilled groups. Skilled group has a lower mean and narrower range, marked with an asterisk for an outlier. Less skilled group has a higher mean and wider range.]

FIGURE 3
 Mean decision time (seconds) between overall skilled and less skilled participants across all follow-up participants. *Significantly different from the less skilled group (p < 0.05). Mid-line represents the median time for that group.





Eye-movement behavior—initial test session participants


Number and duration of fixations

Visual search strategy (number of fixations and total fixation duration) was significantly different between skilled and less skilled groups as shown in Table 1. Specifically, the skilled groups had fewer fixations, and shorter fixation durations than the less skilled groups, in both age groups.



TABLE 1 Mean number and total duration of fixations between skilled and less skilled groups across both age groups.
[image: Table comparing visual fixation metrics between skilled and less skilled groups for U14 and U16 age categories. Skilled individuals have fewer fixations (U14: 3.27 ± 1.99, U16: 3.96 ± 2.34) and shorter fixation durations (U14: 1.79 ± 1.14s, U16: 2.11 ± 1.26s) compared to less skilled individuals (number of fixations U14: 4.17 ± 2.56, U16: 4.46 ± 2.31; duration U14: 2.16 ± 1.37s, U16: 2.29 ± 1.46s). Differences are significant at p < 0.05.]

As Table 1 shows, a binomial logistical regression revealed that for every increase in fixation, participants reduced their likelihood of being in the skilled group by 0.863 95%CI [0.804, 0.927] (p = 0.0001). Further, the U16 group were more likely to make skilled decisions (p = 0.0195%CI [0.467, 0.903]) compared to the U14 group.

Moreover, a binomial logistic regression revealed that for every 1 s increase in duration, the participants reduced the likelihood of being in the skilled by 0.839 95%CI [0.735, 0.956] p = 0.008. Analysis also revealed the U16 cohort were more likely to make skilled decisions, p = 0.018 95%CI [0.487, 0.934].



Fixations across AOIs

Skilled participants displayed significantly greater fixations on viable options (Figure 4). A binomial logistic regression revealed that each increase in fixation rate/time per decision option correlated with being a member of the skilled group by 0.829 95%CI [0.743, 0.924] (p = 0.001).

[image: Bar graph showing mean fixation duration in seconds for skilled and less skilled players in U14 and U16 categories. Four focus areas: defenders, options, player with the ball, and space. Skilled players have longer fixation on players with the ball, marked by an asterisk, compared to less skilled players. Error bars indicate variability.]

FIGURE 4
 Average fixation duration (seconds) across fixation locations between skilled and age groups. *Significantly different from the less skilled group (p < 0.05).





Eye-movement behavior—follow-up test session participants

The binomial logistic regression indicated that the number of fixations participants made, and the total duration of fixations were significantly different between initial and follow-up testing (Table 2).



TABLE 2 Mean duration of fixations between skilled and less skilled groups from initial to follow up testing.
[image: Table comparing skilled and less skilled groups on number and duration of fixations. Skilled group: Initial (3.35 ± 2.09 fixations, 1.91 ± 1.23 sec); Follow-up (4.22 ± 2.14* fixations, 2.10 ± 1.08* sec). Less skilled group: Initial (3.71 ± 2.41 fixations, 2.04 ± 1.53 sec); Follow-up (6.10 ± 2.67* fixations, 2.34 ± 0.99* sec). Asterisks denote significant differences from pre-test (p < 0.05).]



ROC curve analysis

An ROC curve was used to test the ability of the combined decision and eye movement measures to classify the skill level of the participants. At the initial testing time point when using the number of fixations, total duration of fixations, and decision time, the area under the ROC curve (AUC) was 0.80, 95%CI [0.770, 0.829]. While at the follow-up when accounting for the number of fixations, total duration of fixation and decision time, the area under the ROC curve was 0.803 95%CI [0.744, 0.862], which highlights an excellent level of discrimination (Figure 5). An AUC between 0.8 and 0.9 is considered excellent discriminability (Mandrekar, 2010).

[image: Two ROC curve graphs compare test performance. The left graph shows initial testing with a moderate sensitivity and specificity trade-off. The right graph shows follow-up testing with improved sensitivity and specificity. Both graphs have axes labeled sensitivity and specificity, with curves above the diagonal baseline.]

FIGURE 5
 An example of an AUC graph generated from the initial and follow-up data.





Discussion

Traditional TID practices in AR football do not comprehensively assess the tactical, decision-making component required to succeed in elite sporting competitions, instead focusing on the more accessible physical performance measures (Woods et al., 2015). Nor do TID practices consider the influence of maturation stages. Therefore, the purpose of this study was to test a method to examine the decision-making skills and knowledge of junior AR football players using video-based testing and eye movement recording. A within-task skill level classification across two age groups (U14 and U16) was used. A secondary purpose was to examine the stability of decision-making skills and eye movement behavior across an 18-month period by re-testing.

A within-task criterion was used to stratify participants into skilled and less skilled groups based on their decisions and matched against the rankings of a panel of expert coaches. As hypothesized, skilled participants made significantly faster decisions regardless of age (U14/U16, p = 0.001). Further, the U16 cohort had significantly faster decision times and were more likely to make skilled decisions compared to the younger cohort (U14). Faster decision times were also evident for the skilled participants during the follow-up testing; however, it should be noted that faster decision-making times were not evident when comparing post (follow-up measurements) to the pre (initial) testing, which may be due to a smaller sample size.

Skilled decision-makers had significantly fewer fixations and shorter total fixation durations, which may be key indicators for the prediction of future skilled decision-making ability or knowledge. Fewer fixations have been associated with more skilled athletes in previous research and shows that skilled athletes are faster and more accurate at identifying and recognizing meaningful patterns in various scenarios while also excluding redundant cues (Laurent et al., 2006; Williams et al., 2011). Moreover, research has highlighted that skilled players are able to recognize and recall structured patterns of play more often (Williams and Ward, 2007), which allows skilled players to differentiate between areas of importance without scanning the whole scene (Mann et al., 2019; Williams and Jackson, 2019).

The shorter total fixation times produced by the skilled group corroborates previous studies in this field which demonstrate that skilled decision-makers develop memory skills that both promote rapid encoding of information in long-term memory and afford selective access to that information when required (Gegenfurtner et al., 2011; Roca et al., 2011, 2014). This means skilled athletes develop more flexible and detailed memory representations than less skilled individuals, allowing them to adapt rapidly to changes in situational demands (Silva et al., 2010).

When measuring performance in junior athletes, the stability of a variable (maintenance of relative rankings over time) is significant for long-term talent prediction. Decision-making accuracy was examined at the follow-up testing session to identify any changes that may have occurred relative to initial testing. Given the additional 18 months of training and practice, it is not surprising that the follow-up group had a higher accuracy score when compared to their previous testing. What is of importance is that regardless of improved response accuracy, the fundamental perceptual-cognitive characteristics remained stable across time. That is, the skilled participants within the follow-up group had a visual search strategy involving fewer fixations and shorter total fixation duration times, similar to the pattern observed in the initial test. The stability of the visual search strategy in the skilled performers over time is unlike physical performance measures, which do not demonstrate stable markers and are less reliable from pre to post-maturation (Cripps et al., 2017). The relatively stable perceptual-cognitive characteristics corroborate previous findings that indicate perceptual-cognitive ability is a by-product of typical training activities such as on-field drills, game simulations, and tactical sessions, e.g., strategic team planning sessions, and not maturation (Williams et al., 2011; Roca et al., 2014).

The ROC analyses also show that the combination of the number of fixations, total duration of fixation, and decision time for the video-based decision-making performance provided an excellent ability to classify players as skilled or unskilled decision-makers. Indeed, Farahani et al. (2020) showed that discrimination between similar skill levels of players was possible when using response time, but not when relying on decision accuracy. Similarly, Dong et al. (2023) show that video-based decision testing may test declarative game knowledge rather than decision-making per se. The absence of a perception-action link in the video-based decision-making paradigm is a limitation. It should also be noted, however, that recent literature is inconclusive regarding the superiority of perception-action coupling over perception-only tasks in testing performance capabilities (see Huesmann et al., 2021; Kalén et al., 2021). However, we suggest that testing declarative game knowledge is useful for development athletes, particularly if it can discriminate between skill levels while complementing other tools and not adding to physical testing. As Américo et al. (2017) showed, game knowledge is still developing in junior team-sport athletes.

To examine potential changes in decision-making performance and development over time, we examined descriptive data to compare categorization of players based on decision-making skill at follow-up like that done during the initial testing. This allowed us to compare if players remained in a skilled or less skilled group or changed between testing sessions. Of the 11 players categorized as skilled in initial testing, five performed at a skilled level in the follow-up testing. Of the seven less skilled decision makers who were tested at follow-up, only two remained classified as less skilled, with the remaining five performing better at follow-up. It should be noted, however, that there was a higher accuracy in the follow-up skilled group (78.33%) compared to the percentage for those in the skilled group (70.43%) at initial testing. These comparisons provide some context, however, the data should not be overinterpreted, given the smaller sample at the follow-up testing, thus changes in the comparison pool between initial testing (n = 59) and follow-up (n = 18). Nevertheless, changes in performance between testing sessions are expected. For example, we expected a level of familiarity with the test at the follow-up test point however, as Dong et al. (2023) point out, even if declarative game knowledge was tested, it is appropriate that this should develop, and facilitate athletes when working with coaches, game plans, and video review sessions. These are worthy assessments for TID and allow a means to identify aspects of players’ potential ability. Additional support for this rationale was found in studies that used a within-group comparison and revealed differences in football players (Vaeyens et al., 2007; Savelsbergh et al., 2010).

While the study was limited to junior male athletes, given the study goals, future research should use longitudinal measures to track both male and female elite junior athletes as they transition into elite senior athletes and measure changes to perceptual-cognitive characteristics. This will enable comparison between sex, where there may be differences in the level of exposure to overall sports training, including decision-making training, and resourcing for academy systems (see MacMahon et al., 2024 for a discussion of the development of expertise in females). A longitudinal approach can also compare drafted vs. non-drafted players and provide greater insight into whether the stability of eye-movement behavior is a key distinguisher. Further, the current study used a film-based task which as acknowledged, may not reflect on-field abilities thus studies that include in situ designs will provide deeper knowledge on this topic (Araujo et al., 2006). Lorains et al. (2013) created a custom-designed decision-making notational analysis system to examine the transfer of video-based training to on field competitions. The system considered game context, decision-making (quality, number of options, pressure), and execution (disposal type, effectiveness, error direction) in its performance analysis. In the Lorains et al. (2013) study, the notational analysis was used to compare film-based training to on field performance. Given Lorains et al.’s small sample size, the results are limited, thus future research should look to develop a transfer test in conjunction with film-based objective tools when assessing tactical skill components within AR football. While no significant transfer effects were present in Lorains et al., developing the research in this way is promising.

To conclude, the skills needed to achieve excellence in invasion ball sports are complex and multifaceted, highlighting the importance but also the challenges associated with developing comprehensive and objective TID assessment tools that consider all determinants of gameplay. This study was able to show a viable method for initial screening to identify the key stable visual search behaviors used by junior AR football players for declarative game knowledge and decision-making using the same film-based protocol applied to elite senior players. Further, the visual search characteristics were shown to be a strong, stable marker across time, suggesting that they may be used to objectively measure the tactical skill processes for AR football. This method, in addition to couple skill tests that require perception-action coupling under temporal constraints, can thereby be used to identify players with an elevated level of decision-making and processing skill.
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Soccer is a competitive sport that relies on distinct motor skills and cognitive processes. However, cognitive aspects are often overlooked, with a focus mainly on motor skills. Limited research has explored screening tests within motor-cognitive navigation dual-task (DT) paradigms. This study aims to validate a sensitive approach for assessing soccer-specific dribbling by evaluating the Trail-Dribbling Test (TDT) as a method to differentiate high-performance (HP) from low-performance (LP) players. Two hundred and seventy-five participants (41 females) aged between 12 and 34 completed the Trail-Making Test (TMT), the Trail-Walking Test (TWT), and the soccer-specific TDT under three levels of cognitive load. Results indicated shorter TDT durations for HP compared to LP players, with increased cognitive load accentuating differences (TDT-M: p = 0.044, d = 0.260; TDT-A: p < 0.001, d = 0.449; TDT-B: p < 0.001, d = 0.653). The TDT effectively discriminated between HP and LP players in the 14–15 (AUC = 0.712–0.820) and 16–17 age groups (AUC = 0.634–0.839). In conclusion, the ecologically valid TDT demonstrates the potential for quantifying soccer-specific dribbling, offering insights into motor and cognitive aspects of dribbling performance, especially among soccer players aged 14–17.
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1 Introduction

Soccer is defined by various specific features and characteristics, such as the specificity and volume of practice, as well as the constraints on performers, including psychological factors, technical and tactical skills, and anthropometric and physiological factors. Additionally, environmental constraints and socio-cultural influences play a significant role (Sarmento et al., 2018). Psychologists and sports scientists employ a wide range of diagnostic tests, ranging from simple to highly complex, to assess different aspects of these cognitive and motor skills. A detailed analysis of the essential characteristics of soccer supports this classification. Soccer is a complex and highly dynamic sport with constantly changing game situations, placing it in the ‘Open Skill Games’ category on the continuum between ‘open’ and ‘closed’ skills (Carling et al., 2007; Nuri et al., 2013). Although certain situations, such as free kicks, corner kicks, kick-offs, and penalty kicks, involve “closed” skills, the majority of skills are performed in complex and changing scenarios. Like most sports games, soccer requires the simultaneous execution of both motor and cognitive skills (Campos, 1993; Casanova et al., 2009). Players must absorb and process relevant information to make effective decisions and plans of action based on their abilities while also possessing the ability to anticipate the game (Williams, 2000). Perceptual tasks, such as tracking the ball and the movements of teammates and opponents, assessing player positions on the field, understanding tactical alignment, interpreting the coach’s instructions, and considering the current game situation, must be integrated into their decision-making processes and action plans (Sakamoto et al., 2018). However, when it comes to assessing motor skills, these aspects have rarely been considered.


1.1 Cognitive test procedures

Ali (2011) provides an interesting review of cognitive and motor test procedures in soccer, identifying strengths and weaknesses and offering methodological testing recommendations. Two approaches can be identified regarding the cognitive tests discussed in the review. The first approach, the “Cognitive Component Skill Approach,” focuses on general cognitive skills that differentiate experts from novices. This approach often utilizes paper-pencil methods or computer-based reaction time experiments. While these methods offer high internal validity, they may be limited in ecological validity and their ability to quantify the intricate cognitive processes during a soccer game. Consequently, sports training is viewed as cognitive training, leading to structural and functional adaptations that enhance cognitive performance (referred to as the “Cardiovascular Fitness Hypothesis”; Aberg et al., 2009; see also Audiffren and André, 2019). However, Beavan et al. (2020a,b) have questioned this approach, particularly the relationship between sport-specific experience and cognitive skills. They raise concerns about incorporating cognitive skills in the process of talent identification. An alternative approach is the “Expert Performance Approach,” which assesses athletes in ecologically valid contexts using tasks that are representative of their specific domain. Mann et al. (2007) conducted a meta-analysis demonstrating that experts recognize domain-specific cues faster and process them more effectively. Experts also exhibit different strategies in visual search tasks than novices, showing fewer fixations (saccade jumps) of longer duration. These tests often involve video-based experiments or simulations of game situations that may not necessarily be observed from a first-person perspective. However, it is important to consider that decision-making and anticipation processes may differ fundamentally in real-game situations, raising questions about the transferability of this methodological approach (Roca et al., 2011). Furthermore, determining correct answers in these tests could rely on the subjective decisions of trainers, researchers, or test administrators. A possible transfer effect as well as the dependence on subjective decisions about correct answers necessitate further research efforts.

Musculus et al. (2022) and Knöbel and Lautenbach (2023) aimed to combine the strengths of both approaches to develop and validate cognitive tasks for measuring inhibition, cognitive flexibility, and working memory in a soccer-specific context. The tasks were paired with a soccer-specific motor response (i.e., pass). The authors suggest that utilizing this approach allows for an effective assessment of core executive functions. They propose that these tasks could serve as a reliable cognitive diagnostic tool for soccer clubs.



1.2 Assessing relevant soccer-specific motor skills for talent diagnostics

Procedures for assessing motor skills in soccer often focus on isolating specific aspects, such as passing or shooting, typically in static or otherwise controlled situations. However, according to Ali (2011), the cognitive component is a fundamental part of a skill, encompassing decision-making and information processing. Unfortunately, many tests tend to neglect this cognitive component, which raises doubts about their ecological validity, as per Ali’s (2011) definition of skills.

When conducting talent research, it is crucial to consider not only the quality of test procedures used to assess cognitive and motor skills but also which characteristics are considered relevant (Williams and Reilly, 2000; Kannekens et al., 2011). Talent development is a multifactorial process that depends on a variety of individual factors and environmental factors (Murr et al., 2018). This raises the question of which criteria are crucial for identifying talents and how these requirements should be specified. It is important to note that this requirement profile is position-specific. For example, the ability to score goals may be highly relevant for a striker but considered less critical for a defender. There are also numerous examples of exceptional soccer players, such as Lionel Messi or Andres Iniesta, who excel in the sport despite not possessing exceptional heading skills. Therefore, this study introduces a test procedure to quantify dribbling as a vital component in soccer.



1.3 Integration of motor and cognitive components in navigation (dual) tasks

Dual-task (DT) paradigms provide a valuable opportunity to integrate the cognitive component and combine motor and cognitive tasks (see Box 1). From a methodological perspective, cognitive-motor interference has seldom been studied in physical environments with high variability of spatial movements (Smith and Chamberlin, 1992; Beilock et al., 2002). Previous studies have mainly focused on ecologically less valid laboratory situations, such as straight-ahead walking on a treadmill or at ground level, which reduces the demands on physical navigation (Moreira et al., 2021). Treadmills are valuable tools for analyzing gait kinematics during continuous walking (e.g., Padulo et al., 2014). However, they only allow for straight-line walking, which is a mechanical and continuous motor act that does not require the same level of attention to the environment as walking in everyday situations or during sports. Visual input is crucial in the interplay between the body and the environment (Imai et al., 2001). However, comprehensive situational awareness, spatial orientation, and the ability to move freely in three-dimensional space are also essential for successful action in ball sports (Woods et al., 2020; Bartseva et al., 2024).

In sports, players often navigate from point A to point B, constantly directed toward a physical object (e.g., the ball, a teammate) or a place (e.g., our own or the opponent’s goal) to perform a specific action (e.g., pass, shot on goal). The term “navigation” is defined as coordinated and goal-oriented movement through space, which is made up of two components: Wayfinding and Locomotion (Montello, 2005; Wiener et al., 2009). Wayfinding is the planning and problem-solving part of navigation in which decisions are made. This involves planning and deciding on a series of actions (e.g., “pass to teammate” + “run deception” + “run into the free gap”) based on available information and existing knowledge about the space. To do this, one refers to internal (existing knowledge about the space [e.g., the soccer field] in your head) or external knowledge (e.g., specific moves). During “route planning,” individuals tend to identify potential running paths that match their goals and then use various implicit and explicit strategies to quickly reduce the options and settle on a route (e.g., a direct running path to the goal). During the execution of the plan – the locomotion – it is constantly reviewed based on the newly received information from the environment and, if necessary, adjusted (e.g., when a free gap closes) (Montello, 2005; Yang et al., 2018). The locomotion is the pure movement through space in the direction specified by the plan. During this movement, the immediate surroundings are primarily perceived to avoid possible obstacles. Although these two components can be described separately, they rarely occur independently and can, therefore, be described as a dual task (Brunyé et al., 2018). Separating locomotion and wayfinding only occurs when walking aimlessly or planning a game move that is not executed (Montello and Sas, 2006). Thus, successful navigation involves efficiently reaching a specific destination without causing physical harm. This requires awareness of one’s location in relation to the destination and other places or objects while in motion.

In the context of soccer-specific navigation, two intriguing studies have been conducted that address distinct research questions while incorporating both motor and cognitive demands in a DT dribbling test. Smith and Chamberlin (1992) asked female soccer players of varying performance levels to complete three different conditions. Participants were instructed to complete a slalom course emphasizing running agility in the first condition. The goal was to finish as quickly as possible without dribbling a soccer ball. In the second condition, participants had to dribble through the course as rapidly as possible. In the third condition, participants had to identify various symbols displayed on a screen while simultaneously performing the dribbling task. Comparing the three groups, experts demonstrated significantly less interference than the other groups. The differences between the expert groups became more pronounced when the cognitive component was performed in parallel with the motor task. In the second study by Beilock et al. (2002), dribbling was explored as a motor skill within a DT paradigm and involved two groups: experts and novices. Both groups were tasked with dribbling the ball through a slalom course using either their dominant or non-dominant foot while simultaneously performing additional cognitive tasks. These tasks included identifying auditory stimuli or directing attention solely to dribbling (skill-focused). The results of the study indicated that completing the DTs took longer for both groups, with one notable exception: the expert group exhibited faster performance when dribbling with their dominant leg. Interestingly, in the skill-focused attention condition, both experienced and novice participants dribbled at a more similar speed. The contrast between the two groups became more evident during the DT condition, especially when dribbling with the dominant leg. This highlights that experienced performers demonstrated a significant speed advantage over novices in the DT condition. However, in the skill-focused condition, this advantage was considerably diminished when dribbling with the dominant leg. In summary, the study showed that experienced soccer players performed notably faster in the DT condition compared to the skill-focused condition, while novices displayed a tendency toward the opposite pattern, dribbling faster in the skill-focused condition than in the DT condition.

These two studies are intriguing because they separate cognitive (wayfinding) and motor tasks (dribbling), allowing them to be performed independently. This creates the possibility of prioritizing one task over the other, potentially neglecting one of the two. In addition, both studies (Smith and Chamberlin, 1992; Beilock et al., 2002) used non-soccer-related cognitive tasks without direct reference to the dribbling task. In terms of the navigation required in soccer, a dual task that establishes a greater connection to soccer-specific path planning and execution would, therefore, be advantageous. An elegant way to test visual–spatial abilities with different cognitive loads in a soccer-related navigation task is provided by the adaptation of the Trail-Walking Test (TWT; Schott, 2015). In this study, we employ both non-soccer-specific tasks (TWT) and a soccer-specific adaptation of the TWT (Trail-Dribbling Test; TDT).


BOX 1 A critical view and alternative perspectives on constructing DT paradigms.

Multitasking is a broad concept that can be measured in various ways (Kiesel et al., 2022). It involves performing multiple tasks, each associated with a separate task set, within a limited period of time, resulting in a temporal overlap of cognitive processes (Koch et al., 2018). A task can be defined as an abstract description of a future state or a desired goal. It can be instructed, where task sequences are predetermined, or self-organized, where they are functionally interdependent (e.g., wayfinding) or independent (e.g., continuous motor task and counting backward in steps of 3; Künzell et al., 2018; Strayer et al., 2022). Furthermore, a task set refers to a representation of the cognitive and motor requirements necessary to perform a task (Koch et al., 2018).

Temporal overlaps of cognitive processes can occur during the execution of multiple tasks, such as in task switching (i.e., sequential multitasking) and dual-tasking (i.e., simultaneous multitasking). Sequential multitasking involves performing one task for an extended period before switching to another task. This can range from several minutes, such as walking while having a conversation, to even hours, such as cooking and reading a book (Salvucci and Taatgen, 2011). However, in concurrent multitasking, tasks are performed simultaneously or with frequent switches between them in short periods of less than 1 min. This can result in lower performance in one or both tasks (Koch et al., 2018).

McIsaac et al. (2015) propose a standardized classification system for tasks in motor-cognitive dual-task paradigms. They define a dual-task as two separate tasks with different goals that are functionally independent of each other (see also Strayer et al., 2022). They have different goals (e.g., walking vs. talking) with different stimuli (the environment vs. the content of the conversation) and responses (e.g., avoiding an obstacle vs. speaking and listening). It is crucial to note that the performance of each task can be evaluated separately. We critically question McIsaac’s taxonomy and discuss the nature and construction of DTs without prescribing a single standard for their design.

Our approach is based on the idea that it is not possible to completely neglect one task when people are asked to perform two tasks simultaneously, such as walking and counting backward. This is especially important considering the importance that participants attribute to the cognitive task. This discovery presents a challenge for designing DT experiments and emphasizes the constraints of previous research methods, especially regarding common daily situations that frequently involve interdependent tasks. For instance, when driving through an unfamiliar area, it is important to be able to follow navigation instructions simultaneously. This is a situation in which cognitive processes must perform multiple tasks in parallel or at least partially in parallel (Koch et al., 2018). Unlike functionally independent tasks, where one task can be neglected, the Trail Dribbling Test used here emphasizes the need to pay attention to both tasks.

For instance, a player could dribble to the letter B while simultaneously performing a visual search for the number 3. While dribbling, the cognitive task can be neglected, and the motor component of dribbling to be impaired while moving slowly and searching visually. However, it is important to integrate both tasks into a coherent action plan that allows the player to continue searching for the next number while dribbling. Experienced players are more likely to achieve this, particularly if dribbling is automatic and there are enough cognitive resources for both tasks. Additionally, motor and cognitive tasks can be scored separately, such as dribbling through the parkours versus reciting or showing the Trail Making Test conditions A and B with a laser pointer. By calculating the dual-task costs (DTC), it is possible to examine the distribution of resources between the tasks.

Overall, we believe that the definition of what constitutes DT remains subject to interpretation, lacking a universally accepted standard for their design.
 

The overall goals of this study were (1) to investigate the feasibility of differentiating performance groups (novices vs. experts) using two different navigational DTs that vary in their degree of specificity to soccer, and (2) to determine the specific age ranges in which differentiation between the performance groups is possible, and (3) to evaluate the sensitivity and specificity of this differentiation. It was hypothesized that varying levels of interference would occur depending on the specificity of the tasks and that a soccer-specific skill would be more likely to differentiate between younger high-performance (HP-SP) and low-performance soccer players (LP-SP). Specifically, it is assumed that as the cognitive load of the navigation (dual) tasks increases, the differences between HP-SP and LP-SP would become more pronounced, particularly in soccer-specific tasks, compared to situations with low cognitive load and soccer-unspecific tasks.




2 Methods


2.1 Sample size estimation

Power analysis [using G*Power3; a statistical power analysis program (Faul et al., 2007)] was conducted to estimate the necessary sample size. In our ANCOVA analysis with repeated measures with one covariate, we aimed for a 95% power, an effect size of f = 0.25, and a significance level of p = 0.05 to identify fixed, main, and interaction effects. The calculated sample size needed was 251 participants. Our sample size of 275 exceeds the necessary number, ensuring our desired statistical power and confidence level.

A power analysis (Superpower; Caldwell and Lakens, 2019) was conducted on a 2(group) x 2(domain) x 3(condition) ANOVA with repeated measures design with 20 participants per cell (12 cells in our design). Assuming a high effect size of f = 0.4, a standard deviation of 1.0, a correlation of 0.5, and an alpha of 0.05, a power of 100% was found for the main effect of group, a power of 100% for the main effect of condition, a power of 81.1% for the main effect of domain, a power of 6.3% for the interaction effect of group x condition, 5.6% for the interaction effect of group x domain, 5.5% for condition x domain, and 5.7% for the three-way interaction of group x condition x domain. Due to the limited power for detecting interaction effects within our analyses, we can only provide reliable statements regarding the main effects, which aligns with the recommendation made by Brysbaert (2019).



2.2 Participants

The players were recruited from amateur and professional soccer clubs across Germany, including players from the youth development centers of top-class clubs such as VfB Stuttgart or FC Schalke 04. The participants were primarily recruited from clubs in the Stuttgart region. All potential participants from the mentioned clubs who volunteered to participate in the study were included. Individuals with motor or cognitive impairments were excluded. Swann et al. (2015) developed a classification system based on the athlete’s highest level of performance, success, experience, and competitiveness (national and global). This system categorizes players into four levels of elite competitive athletes. Key variables of their definition are the highest standard of performance as well as success and experience at the athlete’s highest level. Since this is aggregated data from various surveys, not all participants were initially queried on these essential variables for Swann’s categorization. However, we were able to determine the competition level for all participants. Depending on the competition level, participants were assigned to either the high-performance (HP) or low-performance (LP) group: Participants playing in an active adult team at the “Landesliga” (1st to 6th division) level or above were assigned to the HP group. In contrast, those playing below the “Bezirksliga” (8th + division) level were assigned to the LP group. In youth teams, participants playing in the “Verbandsliga” were assigned to the HP group, while those below the “Bezirksliga” level were assigned to the LP group. Athletes who had previously played at a high level but were not actively playing soccer were excluded.



2.3 Instruments


2.3.1 Cognitive control

The Trail-Making Test (TMT; Reitan, 1958) assesses cognitive processing speed, executive functions, and attentional components (Salthouse, 2011). The test comprises of two parts. In part A, the test subjects are to connect circles numbered from 1 to 25 in ascending order and as quickly as possible. In part B, the test subjects are to connect the numbers 1 to 13 and the letters from A to L alternately in ascending order and at maximum speed. Furthermore, a motor speed-tracking task measures the participant’s fine-motor performance (Schott et al., 2016). The task records the time taken and the number of errors made. Any shifting and sequential errors are immediately corrected by the examiner, who instructs the participant to return to the last correct circle. Therefore, errors are factored into the required times as correcting errors takes additional time (Schott et al., 2016; Klotzbier et al., 2020). Each trial and sequence is carried out until the last cone is reached. The same approach concerning shifting and sequential errors is used for the two subsequent DTs.



2.3.2 Non-soccer-specific and soccer-specific dual-tasks

The Trail-Walking Test (TWT, Schott, 2015) is conducted on a 4×4 meter playing field consisting of 15 cones labeled with numbers or numbers and letters depending on the condition. In the motor condition (TWT-M), the objective is to navigate a designated path as quickly as possible. In this condition, the cones do not have any numbers or letters; only the path on the playing field is marked with chalk. In the second condition (TWT-A), participants must run to the cones in ascending numerical order (1-2-3-…-15). In the third and final condition (TWT-B), the task is to run to the cones in alternating ascending order of numbers and letters (1-A-2-B-…-8). In addition, there was another implementation format for an alternative calculation of the cognitive costs (signaling condition). Here, the participants (subsample n = 165) stood in the middle of the field and had to use a laser pointer to (1) trace the purely motor path, (2) connect the numbers, and (3) the numbers and book strokes as quickly as possible. The objective is to complete the course as fast as possible without making any errors. The same conditions are applied in the Trail-Dribbling Test (TDT), except participants must dribble a soccer ball through the course. All conditions’ lengths are identical (41 meters) for accurate comparisons. Stopwatch measurements are used to record the times, rounded to 0.01 s. The positions of the cones placed in the field, as shown in the run schedule in Figure 1, remained the same for each condition and each trial. For the purely motor condition without soccer-specific skill (TWT-M), there was one practice session to become familiar with the run schedule. Each condition, including both the non-soccer-specific task and the soccer-specific task, was conducted three times.

[image: Three panels depict different trail-making tasks. The first panel, "TWT-M / TDT-M: pure motor task", shows a grid with interconnected numbered circles from "START" to "END". The second panel, "TWT-A / TDT-A: numbers", displays a grid with circles numbered one to fifteen. The third panel, "TWT-B / TDT-B: numbers & letters", features a grid mixing numbers and letters, requiring alternate connections from "START".]

FIGURE 1
 Conditions of the Trail-Walking Test and the Trail-Dribbling Test (Schott, 2015). TWT-M, Trail-Walking Test – pure motor task; TDT-M, Trail-Dribbling Test – pure motor task; TWT-A, Trail-Walking Test – numbers; TDT-A, Trail-Dribbling Test – numbers; TWT-B, Trail-Walking Test – numbers & letters; TDT-B, Trail-Dribbling Test – numbers & letters.





2.4 Procedure

The data was collected during the teams’ scheduled training sessions. Following the demographic data questionnaire, all tests and conditions (TMT, TWT, TDT) were randomized to avoid sequence effects. Each condition was conducted three times, and the mean within each condition was calculated. Data from individual trials are not accessible due to data pooling; however, we do have data from a total of 42 participants (both LP and HP) across all three trials to capture the learning effect in the TWT and TDT. A 3-min break was taken between each run to eliminate possible fatigue effects. Informed written consent was obtained from the clubs/organizations and parents/guardians before the testing. Additionally, participants provided consent and were informed of their right to withdraw from the study at any time. The informed consent was given willingly and without any coercion or bribery. All procedures adhered to the principles outlined in the Declaration of Helsinki (World Medical Association, 2013), including ethical standards, legal requirements, and international norms.



2.5 Data analysis

SPSS v.27 (SPSS, Chicago, IL) was used for the statistical analysis. Initially, we assessed missing data points, evaluated the normality of distributions (using Kolmogorov–Smirnov tests), and checked for extreme values in the dependent variables. A significance level of 0.05 was utilized for all statistical tests, following the guidelines of Tabachnick et al. (2013). We used Eta-squared (ɳ2p) and calculated Cohen’s d as effect size measures.


2.5.1 Sample characteristics

T-tests were employed for continuous variables to evaluate potential differences in baseline characteristics between groups, such as age, BMI, and years of regular training. A chi-square test was used for categorical demographic variables such as sex.



2.5.2 Velocities for the TMT

We calculated the velocities for the TMT to account for the different lengths in the conditions of the TMT (TMT-M: 185.4 cm; TMT-A: 185.4 cm and TMT-B: 243.8 cm; Gaudino et al., 1995). The absolute durations were used for the TWT conditions (TWT-M, TWT-A, and TWT-B) and the TDT conditions (TDT-M, TDT-A, and TDT-B) since the lengths are the same across conditions.



2.5.3 Dual-task costs (DTC)

The performance in each task under DT conditions is compared to the performance in the respective single-task (ST) conditions. Negative signs have been inserted to indicate poorer performance in the DT conditions compared to ST conditions. Therefore, negative DTC values represent a deterioration in performance, while positive DTC values indicate a relative improvement in performance under DT conditions (Plummer and Eskes, 2015, p. 3). Motor and cognitive DTC were computed for both the number condition and the number and letter condition in both the soccer-specific (TDT) and non-soccer-specific (TWT) tasks.

[image: Formula for DTC: negative of the difference between DT performance and ST performance, divided by ST performance, multiplied by one hundred.]

To calculate the cognitive ST performance, the purely motor conditions (TWT-M or TDT-M) were subtracted from the DT conditions. This was used to obtain the time for the ST cognitive process. In addition, an alternative method for calculating cognitive DTC was used for a subsample of 165 individuals. The time required for the signaling task served as a measure of cognitive performance under ST conditions. Subsequently, the calculation of DTC was also carried out according to the formula specified above.



2.5.4 Analysis of variance

A 2 (group: LP-SP vs. HP-SP) x 3 (condition: only motor, numbers, numbers and letters) ANCOVA with repeated measurement for the calculated times in the TWT and TDT and age as covariate was performed to test the effect of the three different cognitive conditions.

For the evaluation of DTCs, a 2 (group: LP-SP vs. HP-SP) x 2 (condition: only motor, numbers, numbers and letters) x 2 (domain: motor vs. cognitive) ANCOVA with repeated measurement and age as a covariate was performed. Group differences within the conditions (e.g., TWT-M) were investigated using t-tests for independent samples (Bonferroni correction). In addition to the significance value (p < 0.05, *significant; p < 0.01; strong significant; p < 0.001, highly significant), the effect sizes for all ANCOVAs are given using Partial Eta Squared (ɳ2p).



2.5.5 Receiver operating characteristic (ROC) analyses

Sensitivity, specificity, and the area under the curve (AUC) were considered as quality measures to evaluate the diagnostic capability of the TDT. Participants were categorized into distinct age categories: (see Table 1) to investigate the diagnostic accuracy across different age groups. The Youden index was utilized to determine the optimal threshold for distinguishing between LP and HP individuals within each age group. This index, calculated as Youden index = (sensitivity + (specificity-1)), can range from −1 to 1 (Hilden and Glasziou, 1996).



TABLE 1 Participant characteristics in LP-SP and HP-SP across age groups for evaluating receiver operating characteristics.
[image: A table comparing low-performance and high-performance soccer players across different age groups (12-35 years) with variables such as age, sex, BMI, age and amount of training, and TMT scores. The table includes statistical analysis results for various metrics including height, training duration, and motor tasks. Statistical significance is indicated for multiple comparisons.]





3 Results


3.1 Participants

A total of 275 participants were included in the study, comprising 234 males and 41 females. There were no significant differences in sex distribution between the groups, with a higher proportion of males in both groups. Of the participants, 242 identified soccer as their primary sport. The high-performance (HP-SP) group was significantly younger than the low-performance (LP-SP) group. The HP-SP group had a lower BMI than the LP-SP group. The HP-SP group began their regular training significantly earlier than the LP-SP group. Furthermore, the HP-SP group had more training hours in their current sport than the LP-SP group. Only 135 participants completed the Trail-Making Test (TMT) (equally distributed between the performance groups: 69 in HP-SP and 68 in LP-SP). The HP-SP group differed significantly from the LP-SP group in conditions M and A of the TMT, but no differences were observed in the condition with high cognitive load (TMT-B) (see Table 2).



TABLE 2 Participant characteristics of the LP-SP and HP-SP.
[image: Table compares low-performance (LP-SP) and high-performance (HP-SP) soccer players on multiple variables: age, sex, BMI, training start age, training amount, and performance on Trail-Making Tests. Statistical analysis results, including t-values and significance levels, are provided. HP-SP players are generally younger, have lower BMI, and start training earlier, with significant p-values showing differences in most metrics except sex proportion.]

The ROC analyses did not reveal any age differences between the high-performance (HP-SP) and low-performance (LP-SP) groups (see Table 1). However, there were significant differences in sex distribution between the performance groups, with a higher proportion of males than females. It is worth noting that only male participants were tested in the youngest and oldest age groups. Furthermore, it was observed that the HP-SP group had more training hours in soccer than the LP-SP group (d = −0.928 – −6.04).



3.2 Durations in the non-soccer-specific task (TWT) and the soccer-specific task (TDT)


3.2.1 Trail-walking test

The durations in all three conditions of the TWT and all groups were normally distributed (p < 0.001). Age correlated (Pearson correlation coefficient) significantly with the durations in all conditions (TWT-M: r = −0.692, p < 0.001; TWT-A: r = −0.159, p = 0.009; TWT-B: r = −0.206, p < 0.001). Sex did not influence the performance in any TWT conditions (TWT-M: p = 0.089; TWT-A: p = 0.079; TWT-B: p = 214). The mean values of the TWT in ST and DT are shown in Figure 2 for both performance groups. Participants show improvement across the three trials and in all three conditions of the TWT (TWT-M: 14.7–14.5 – 14.3; TWT-A: 30.0–25.7 – 23.9; TWT-B: 39.2–33.4 – 31.2).

[image: Scatter plot showing time in seconds against three conditions: TWTM, TWTA, and TWTB. Data points are categorized into two performance groups, HP-SP (red circles) and LP-SP (blue triangles). Each condition has corresponding box plots illustrating data distribution and variability.]

FIGURE 2
 Means and standard deviation of groups and conditions in the TWT (TWT-M, TWT-A & TWT-B) based on the times. TWT-M, Trail-Walking Test – pure motor task; TWT-A, Trail-Walking Test – numbers; TWT-B, Trail-Walking Test – numbers & letters.


A 2 (group: HP-SP vs. LP-SP) x 3 (condition: motor, numbers, numbers and letters) ANCOVA with repeated measures of TWT durations and age as covariate showed significant main effects for condition, F(1.57, 425) = 50.7, p < 0.001, ɳ2p = 0.158, and age F(1, 270) = 43.1, p < 0.001, ɳ2p = 0.138. A significant group difference was not observed, F(1, 270) = 0.827, p = 0.364, ɳ2p = 0.003. In addition, ANCOVA led to a significant interaction of condition x age, F(1.57, 425) = 10.2, p < 0.001, ɳ2p = 0.036. The interaction condition x group was not significant, F(1.57, 425) = 1.35, p = 0.256, ɳ2p = 0.005. The post-hoc analysis showed that the durations in TWT-B (M = 36.2, SE = 0.597) were significantly higher than in TWT-A (M = 26.1, SE = 0.341) or the motor (TWT-M) condition (M = 18.0, SE = 0.198) (p < 0.001). Also, the post hoc analysis showed that for the TWT-M, both groups differ significantly from each other, t(273) = −2.72, p = 0.007, d = −0.328.



3.2.2 Trail-dribbling test

The durations in all three conditions of the TDT and all groups were normally distributed (p < 0.001 – p = 0.007). The age correlated (Pearson correlation coefficient) significantly with the durations in the TDT-M (r = −0.501, p < 0.001) but not in the conditions with cognitive load (TDT-A: r = −0.040, p = 0.254; TDT-B: r = −0.004, p = 0.473). Sex influenced the performance in the TDT in all conditions (p < 0.001), where males produced lower durations in all conditions. The mean values of the TDT ST and DT conditions are shown in Figure 3 for both performance groups. Participants show improvement across the three trials and in all three conditions of the TDT (TDT-M: 19.7–19.5 – 19.0; TDT-A: 34.8–32.8 – 29.7; TDT-B: 44.0–40.3 – 36.9).

[image: Box plot comparing time in seconds across three conditions: TDTM, TDTA, and TDTB. Two performance groups, HP-SP (red circles) and LP-SP (teal triangles), are shown. Data points are dispersed around the boxes, indicating variability within conditions.]

FIGURE 3
 Means and standard deviation of the groups and conditions of the TDT (TDT-M, TDT-A & TDT-B) based on the times. TDT-M, Trail-Dribbling Test – pure motor task; TDT-A, Trail-Dribbling Test – numbers; TDT-B, Trail-Dribbling Test – numbers & letters.


A 2 (group: HP-SP vs. HP-SP) x 3 (condition: motor, numbers, numbers, and letters) ANCOVA with repeated measures of TDT durations and age as a covariate showed significant main effects for condition, F(1.81, 488) = 14.5, p < 0.001, ɳ2p = 0.051, group, F(1, 269) = 32.1, p < 0.001, ɳ2p = 0.107, and age F(1, 269) = 18.7, p < 0.001, ɳ2p = 0.065. In addition, ANCOVA led to a significant interaction of condition x group, F(1.81, 488) = 5.97, p = 0.004, ɳ2p = 0.022. The interaction effect showed that the difference between the two performance groups becomes more pronounced with increasing difficulty. Also, significantly longer durations were observed in conditions with increased cognitive load. An interaction effect condition x age could also be reported F(1.81, 488) = 19.1, p < 0.001, ɳ2p = 0.066. The post-hoc analysis showed that the durations in TDT-B (M = 40.8, SE = 0.539) were significantly higher than in TDT-A (M = 33.3, SE = 0.406) or the motor (TDT-M) condition (M = 24.7, SE = 0.290) (p < 0.001). Also, the post hoc analysis showed that in the TDT-M, t(273) = 2.13, p = 0.035, d = 0.257, the TDT-A, t(270) = 3.44, p = 0.001, d = 1.55 and the TDT-B, t(272) = 5.15, p < 0.001, d = 1.44, both groups differed significantly from each other, the HP group always outperformed the LP group.




3.3 Motor-cognitive interferences in the non-soccer-specific task (TWT) and the soccer-specific task (TDT)


3.3.1 Trail-walking test

Regarding the proportional DTC in the non-soccer specific task (TWT), a 2 (group: HP-SP vs. LP-SP) x 2 (condition: high vs. low cognitive load) x 2 (domain: cognitive vs. motor) ANCOVA with repeated measurements and age as covariates were calculated. The results showed a significant main effect domain, F(1, 270) = 31.9, p < 0.001 ɳ2p = 0.106, with greater interference for the motor task (motor: M = −79.5, SE = 2.44; cognitive: M = −45.5, SE = 2.87) (p < 0.001). A significant interaction effect could be observed for domain x age, F(1, 270) = 71.5, p < 0.001, ɳ2p = 0.209, as well as for condition x age, F(1, 270) = 4.08, p = 0.044, ɳ2p = 0.015, and domain x condition, F(1, 270) = 67.1, p < 0.001, ɳ2p = 0.199. Under low cognitive load, comparable motor and cognitive DTC were observed (motor: M = −51.1, SE = 2.15; cognitive: M = −59.2, SE = 3.67). With increased cognitive load, motor DTC was higher (motor: M = −107, SE = 3.34; cognitive: M = −31.9, SE = 3.08). The Pearson correlation coefficient for the relationship between age and motor or cognitive DTC showed that motor DTC increases with age (TWT-A: r = −506, p < 0.001; TWT-B: r = −0.384, p < 0.001) and cognitive DTC became less apparent with increasing age (TWT-A: r = 0.268, p < 0.001; TWT-B: r = 0.136, p < 0.024). A significant group difference in DTC in the non-soccer-specific task could not be observed (see Figure 4).

[image: Scatter plot with box plots showing DTC percentage against four conditions: mDTC TWTA, mDTC TWTB, cDTC TWTA, and cDTC TWTB. Two performance groups are indicated, HP-SP in red circles and LP-SP in blue triangles. Data points are distributed around each condition, with some overlapping. Box plots highlight data distribution and median lines for each group.]

FIGURE 4
 Means and standard deviation of the motor and cognitive DTC in the TWT (TWT-A, TWT-B) divided into high- and low-performance groups. TWT-M, Trail-Walking Test – pure motor task; TWT-A, Trail-Walking Test – numbers; TWT-B, Trail-Walking Test – numbers & letters.




3.3.2 Trail-dribbling test

Regarding the proportional DTC in the soccer-specific task (TDT), a 2 (group: HP-SP vs.- LP-SP) x 2 (load: high vs. low cognitive load) x 2 (domain: cognitive vs. motor) ANCOVA with repeated measurements and age as covariates were calculated. The results showed a significant main effect domain, F(1, 270) = 4.35, p = 0.038 ɳ2p = 0.016, with greater DTCs for the cognitive task (motor: M = −53.4, SE = 1.87; cognitive: M = −190, SE = 9.49) (p < 0.001). A significant interaction effect could be observed for domain x age, F(1, 270) = 4.24, p = 0.040, ɳ2
p
 = 0.015, as well as for condition x age, F(1, 270) = 17.9, p < 0.001, ɳ2p = 0.062, and domain x load, F(1, 270) = 19.6, p < 0.001, ɳ2p = 0.068. Both motor (TDT-A: M = −38.1, SE = 1.74; TDT-B: M = −68.7, SE = 2.38) and cognitive (TDT-A: M = −178, SE = 8.23; TDT-B: M = −201, SE = 11.6) DTCs were greater under increased cognitive load. The Pearson correlation coefficient for the relationship between age and motor or cognitive DTC showed that motor (TDT-A: r = −468, p < 0.001; TWT-B: r = −0.435, p < 0.001) and cognitive (TDT-A: r = −0.149, p = 0.014; TDT-B: r = −0.261, p < 0.001) DTCs increased with age. A significant difference in the DTC between groups in the soccer-specific task could not be observed (see Figure 5).

[image: Box plot showing DTC percentage across four conditions: mDTC TDTA, mDTC TDTB, cDTC TDTA, and cDTC TDTB. Two performance groups, HP-SP and LP-SP, are represented by red circles and blue triangles respectively. Data points are widely dispersed, with varying medians and ranges for each condition.]

FIGURE 5
 Means and standard deviation of the motor and cognitive DTC in the TDT (TDT-A, TDT-B) divided into the high- and low-performance groups. TDT-M, Trail-Dribbling Test – pure motor task; TDT-A, Trail-Dribbling Test – numbers; TDT-B, Trail-Dribbling Test – numbers & letters.


The following correlations emerged between the calculated pure cognitive performances and performances in the pure cognitive signaling tasks: [TWTA-TWTM] to signaling task: r = 0.446, p < 0.001; [TWTB-TWTM] to signaling task: r = 0.367, p < 0.001; [TDTA-TDTM] to signaling task: r = 0.340, p = 0.001; [TDTB-TDTM] to signaling task: r = 0.374, p = 0.001. Also, in the calculation of the cognitive DTCs, we observe strong correlations between both approaches: cDTC in TWTA: r = 0.263, p < 0.001; cDTC in TDTA: r = 0.181 p = 0.015; cDTC in TDTB: r = 0.178, p = 0.015. We do not see any significant correlation for cDTC in TWTB: r = 0.063, p < 0.217 (Figure 6).

[image: Four scatter plots compare V1 and V2 values across different tests: TWTA, TWTB, TDTA, and TDTB. Data points are colored to indicate two groups: HP-SP (red) and LP-SP (blue). Each plot shows a concentration of data points, generally clustered between negative 1500 and zero on the V2 axis, while V1 values range from negative 400 to 200.]

FIGURE 6
 Scatter plot comparing the calculation methods for cognitive DTC under TWT and TDT conditions. V1, Calculation of DTCs based on cognitive performance with the signaling task; V2, Calculation of the DTCs based on cognitive performance with the formula (DT – motor ST); cDTC, cognitive dual-task costs; TWT, Trail-Walking Test; TDT, Trail-Dribbling Test; HP-SP, high performance soccer players; LP-SP, low performance soccer players.





3.4 ROC – analyses for the durations in the TDT

The TDT was beneficial in distinguishing HP-SP from LP-SP in the age groups between 14 and 15 years (AUC = 0.712–0.820) and between 16 and 17 years (AUC = 0.634–0.839) (Table 3).



TABLE 3 Statistics and thresholds of the receiver-operating-characteristic curves for the TDT (velocities in TDT) to differentiate between high- and low-performance players.
[image: Table showing Youden index, sensitivity, specificity, AUC, threshold value, and p-values for different age groups in Trail-Dribbling Tests (TDT-M, TDT-A, TDT-B). Significant results in bold. Important data: 14-15 years, TDT-B, AUC 0.820, p-value 0.001; 16-17 years, TDT-M, AUC 0.839, p-value 0.002.]




4 Discussion


4.1 Behavioral results

The study’s main objective was to introduce a method for quantifying motor-cognitive soccer-specific dribbling tasks and establish a theoretical foundation for this quantification. Specifically, this method falls within the framework of the navigation DT paradigm, where a motor task (locomotion: here dribbling) and a cognitive task (wayfinding) (adapted from the Trail-Walking-Test, Schott, 2015) are combined and integrated into a large-scale spatial ability task.

Soccer, being an “open” sports game, presents unique challenges to players, requiring simultaneous engagement in both motor and cognitive tasks in almost all situations (Smith and Chamberlin, 1992; Gabbett et al., 2011; Scharfen and Memmert, 2019; Ren et al., 2022). Similar demands exist in other sports, where the ability to perform two tasks concurrently is essential for achieving a solid level of performance. However, this requirement becomes problematic when simultaneously processing different tasks, leading to a performance decrement in the single-task condition. For instance, beginners learning dribbling in basketball or soccer need to focus intensely on the ball, preventing them from observing the game (visual search), tracking the movements of their teammates and opponents, and making a decision about where to “go” next (wayfinding). Dribbling becomes increasingly synchronized and automated with training and practice, allowing players to “clear their heads” to process a second task (Carr et al., 2013). However, reliable guidelines on reaching this state of automation are scarce in relevant training manuals, and empirical evidence supporting such recommendations is usually lacking (Blischke and Reiter, 2002). The underlying concept in studies on cognitive-motor dual tasking is that resources are limited (e.g., Kahneman, 1973; Wickens, 2008), and performance tends to suffer when divided between a cognitive and a motor task. Resource competition is particularly evident in individuals who are in the process of acquiring a new motor skill (Schaefer, 2014). On the other hand, there seem to be certain situations where performing two tasks simultaneously can enhance motor and/or cognitive learning (for an overview, see Wollesen et al., 2022). However, the mechanisms underlying this interaction are not yet fully understood, making reliable predictions about the effects of different DT combinations challenging.

A further objective of this study was to compare the processing times of the Trail-Walking Test (TWT) and Trail-Dribbling Test (TDT) between high-performance soccer players (HP-SP) and low-performance soccer players (LP-SP) and to identify any performance advantages of HP-SP. In this respect, our first hypothesis can be confirmed, indicating that depending on the specificity of the task and the level of cognitive demand, interference effects, and group differences become more pronounced. It is worth noting that in both tasks (TWT and TDT) and across both performance groups, the processing durations increase as the cognitive load intensifies, consistent with numerous studies utilizing the DT paradigm in various domains (Schaefer, 2014). In the TWT, specifically the motor tracking task (TWT-M) without soccer-specific dribbling, there is only a small difference between HP-SP and LP-SP. The superior agility and motor speed of the HP-SP are among the factors that may explain this observation. In contrast, in the TDT, differences between the performance groups are evident in all conditions, with the disparities becoming more pronounced as the additional cognitive load increases. This finding aligns with the studies conducted by Smith and Chamberlin (1992), which also revealed more significant group differences between experts and novices under increased cognitive load. Similar patterns of larger differences in DT compared to ST conditions between experts and novices were observed in the study by Beilock et al. (2002).

Interferences predominantly occur in the cognitive domain, particularly under high cognitive load. Against our expectations, we found no differences in motor or cognitive performance declines between the HP-SP and LP-SP groups. In the TWT test, motor performance declines were greater than cognitive ones in both groups. However, in the TDT test, cognitive performance declines were higher than motor ones in all groups, no matter how difficult the additional task was. This observation is explained by the ability to focus on the cognitive task in the TWT while doing the more straightforward running task (without soccer-specific dribbling). Thus, both groups directed attentional resources toward the cognitive task, requiring only minimal cognitive resources for the running component. In the TDT, however, attention is primarily focused on the motor task, leading to neglect of the cognitive task. Presumably, players in both groups strongly prioritize attention toward the dribbled ball, which hampers visual search for numbers, numbers, and letters, resulting in higher DTC primarily in the cognitive task. On the other hand, this implies that participants have to update their next move constantly. Experts compared to lower-level soccer players are expected to flexibly switch and combine allocentric spatial processing skills [object-based or third-person perspective (relative to the environment)] and egocentric spatial processing, a navigational strategy based on a first-person perspective (relative to the body) because ball games with a high training and competition volume involve the use of this process more than in everyday life (Ekstrom et al., 2003). If they struggle to control the ball and follow a ball that goes the wrong way, they are more likely to “lose track” of the sequence of numbers and letters. In this sense, a lack of soccer-specific dribbling skills makes the ‘in-built’ cognitive task (wayfinding task) more challenging.

The second and third objectives were to evaluate the diagnostic quality of the Trail-Dribbling Test (TDT). Both performance groups were further divided into different age groups to achieve this, allowing for a more detailed assessment of the TDT’s ability to differentiate between HP-SP and LP-SP. Our hypothesis can be confirmed, indicating that with increased cognitive demand, differentiation between HP-SP and LP-SP, especially in soccer-specific motor tasks, becomes evident. Between the ages of 14 and 15, the study demonstrated moderate (TWT-M: AUC = 0.712; TDT-A: AUC = 0.743) and good (TDT-B: AUC = 0.820) diagnostic quality in distinguishing between HP-SP and LP-SP. Moreover, as the additional cognitive load increased, the diagnostic quality of the TDT improved (TDT-M: AUC = 0.712, p = 0.013; TDT-A: AUC = 0.743, p = 0.008; TDT-B: AUC = 0.820, p = 0.001), with the TWT-B showing particularly good sensitivity (71.4%) and specificity (96.3%). Based on these results, it is appropriate to differentiate between the groups, especially using the TDT with high cognitive load (TWT-B), with a threshold value of 38.5 s for processing time. The diagnostic quality ranges from weak (TDT-A: AUC = 0.634) to good (TDT-M: AUC = 0.839; TDT-B: AUC = 0.817) between the ages of 16 and 17. Moderate cognitive load (TDT-M) only allows weak discrimination between HP-SP and LP-SP. Differentiation is most effective in motor soccer-specific dribbling tasks (TDT-M) and DTs with high cognitive load (TDT-B). This can be explained by the fact that for LP-SP, an additional simple cognitive task (TDT-A) leads to lower motor DTCs, possibly due to the automated and self-organized execution of the dribbling task. However, when cognitive load increases beyond a certain point, available resources become insufficient, resulting in significant impairments in LP-SP. This observation is consistent with the findings of Gabbett et al. (2011), who investigated the performance of skilled and lesser-skilled rugby players in a rugby drill under ST and DT conditions while simultaneously performing a verbal tone recognition task. The performance of experts was more resistant to skill decrement under DT conditions. As cognitive demands increase, competition for limited attention resources (Kahneman, 1973; Wickens, 2008) can have a negative impact that outweighs the benefits of an external focus of attention, ultimately leading to decreased performance (Constrained Action Hypothesis; Wulf et al., 2001). In motor tasks, directing attention to the task at hand may result in a performance loss, particularly for LP-SP. Poor diagnostic quality was observed in all other age groups (12–13; 18–24; 25–34 years) with AUC values ranging from 0.590 to 0.687. These results are consistent with the findings of Ljach and Witkowski (2010), who examined the development of coordination skills in 11- to 19-year-old soccer players (n = 600). They found that the period from 11 to 13 years was most conducive to the development of coordinative skills, followed by the period from 14 years onwards. This may explain why the discriminatory strength of the TDT is not observed until the age of 14 and may explain why there is no significant discrimination in the years between 12. The reliability of these measurements might have been improved by evaluating multiple trials for each condition. Additionally, the variation in participant numbers across different age groups may have influenced the statistical power of the results. Also, the threshold value for distinguishing performance groups was determined using the Youden Index. Alternatively, one could determine the desired sensitivity and evaluate the test’s specificity. If the objective is to identify as many high-performing individuals as possible, a predetermined sensitivity value should be utilized. The test’s specificity, which refers to its ability to identify low-performing individuals, can be considered secondary to the primary goal of talent identification. If a high percentage of players are falsely identified as test positive (false-positive) at low specificity, it may not have severe consequences as late-developing athletes may not be prematurely excluded.



4.2 Methodological suggestions

As Ali (2011) pointed out, research and practice often neglect the cognitive component when assessing skills and identifying talent. The cognitive component involves decision-making and information processing, which are a fundamental part of skill development. A motor-cognitive DT approach has been proposed to address this, aiming to integrate both domains. The DT method falls under the “Expert Performance Approach” (Mann et al., 2007) as it involves testing athletes under ecologically valid conditions using tasks such as visual search and cognitive flexibility that are representative of open sports like soccer. DT approaches allow for assessing skill automation (in this case, dribbling) and evaluating specific training methods to automate skills. Automation of skills is crucial since many skills practiced in training can break down under pressure or additional cognitive demands during real-game situations.

McIsaac et al. (2015) created a framework for a DT taxonomy to guide the discussion of existing evidence-based studies on interferences in DTs within a broader framework. This enables summative statements and leads to clarity and a better understanding of the research area. According to this classification scheme, tasks such as ‘carrying a cup while walking’ or ‘talking on a mobile phone while walking’ are not considered dual tasks (DTs). However, our perspective differs somewhat. We contend that in these scenarios, it is possible to entirely redirect our attentional resources from one activity (such as talking) to another (such as walking) despite the tasks not being entirely independent of each other. Therefore, we can also refer to a DT paradigm in our approach. McIsaac et al. (2015) classified tasks using a two-dimensional system that assesses ‘Novelty’ (familiarity with the task) and ‘Task Complexity’ (attention required, number of components, and degrees of freedom involved), ranging from ‘High’ to ‘Low.’ The level of attentional demand imposed by a secondary task may vary depending on the individual. For example, tasks that require mathematical skills may only require minimal mental effort if the individual is well-practiced in them. The same applies to soccer-specific experts and novices when it comes to soccer-specific motor tasks (TDT). As learning progresses, tasks can become more challenging by reducing the playing field, adding more numbers and letters, starting with different numbers with varying distances (e.g., 3–24-678) or different letters (e.g., C-E-G), or introducing a third feature (e.g., opponent figures with increasing size). Our approach aligns with McIsaac’s taxonomy (refer to Table 4).



TABLE 4 Exemplary integration of the TDT into the dual-task framework by McIsaac et al. (2015) for HP-SP (experts) and LP-SP (novices).
[image: Table comparing task novelty and complexity across two groups: high-performance soccer players (HP-SP) and low-performance soccer players (LP-SP). For both groups, under dual cognitive-motor type tasks, novelty and complexity are categorized as low and high. Low novelty and low complexity correlate with TDT-A, and high novelty and high complexity correspond to TDT-B. TDT-A is the Trail-Dribbling Test with numbers, and TDT-B includes numbers and letters.]

An alternative method for operationalizing cognitive performance in the TWT and TDT involves having the players stand in the center of the field and use a laser pointer to indicate numbers and letters (signaling task). This behavior is reminiscent of actions in soccer, where players signal running paths or provide specific positional instructions to their teammates. Simultaneously, this approach enhances the external validity of our procedure. Through this specific implementation of the cognitive task within the context of the TWT and TDT, ST cognitive performance can also be assessed. We applied this approach to a subset of our sample (n = 165) in addition to the aforementioned methods, and we identified strong correlations when comparing it to the calculated ST cognitive performance. This emphasizes the validity of operationalizing cognitive performance through signaling tasks or the calculation method used in our study as an effective approach for assessing cognitive performance in single tasks (STs) and calculating cognitive DTC.

Even though we did not conduct a longitudinal study that can confirm an effect over time, the TDT could potentially be used as a training tool to automate skills such as dribbling by incorporating an additional cognitive task. The difficulty level can be adjusted based on performance level by modifying the task, such as increasing the number of letters, starting at different numbers or letters (e.g., D-13-E-14), or extending the playing field. Variations such as dribbling the numbers and letters backward or dribbling letters corresponding to predefined terms/names are also possible variations. These variations aim to maintain high cognitive demands since the cognitive task of connecting numbers and letters in ascending order becomes easier or automated over time. Randomized changes in the stimuli can be introduced to maintain the visual search demands and enhance spatial orientation. These variations offer more motivation compared to the monotonous execution of the described TDT. Additionally, expanding the playing field accentuates different types of dribbling, such as “space-gaining” dribbling, requiring more considerable distances, particularly in larger playing fields. Conversely, smaller playing fields can emphasize “ball-keeping” dribbling. The selection of adjustments depends on specific requirements and training objectives, allowing for flexibility in the training approach.




5 Conclusion, limitations, and future directions

The study’s results offer a new perspective on navigation research in ball sports, specifically soccer. They demonstrate that spatial disorientation, along with limitations in dribbling performance, can be effectively induced and evaluated in adolescent soccer players through the Trail-Dribbling Test. This is evidenced by the significantly higher dual-task costs observed in the high cognitive load condition.

Therefore, the TDT could be a suitable screening and training instrument for individuals aged 14 to 17 years. It is capable of observing more significant differences between performance groups as cognitive load increases. However, it is important to note that the TDT has not been compared to any gold-standard screening tools. Furthermore, the usefulness of this approach may be restricted due to its narrow age range (based on the results of this study). In soccer, talent identification and selection often depend on subjective evaluations made by experienced coaches (Christensen, 2009). Most studies in this field focus primarily on physiological aspects (e.g., endurance and speed) and anthropometric characteristics (i.e., height and weight) of players (Murr et al., 2018). However, these approaches may inadvertently exclude late-maturing individuals. The authors recommend considering multiple physiological measures in addition to the mentioned anthropometric characteristics.

However, using only a few test procedures to make selection decisions for the future success of young athletes is highly unsatisfactory. A holistic approach to talent identification should encompass physical resources, physiological characteristics, motivational factors, social opportunities, family support, personality traits, and cognitive-volitional features of athletes. Unfortunately, many of these talent criteria often go unconsidered. Therefore, it is not recommended to create or support selection criteria or make probability statements about future success based solely on one test. Additionally, the term ‘talent’ has multiple interpretations, and there are no universally accepted criteria to define the concept. This highlights the existence of various approaches to examining talent. To develop athletes’ talent to its fullest potential, researchers and coaches should prioritize maximizing the factors that contribute to their success. The TDT assesses both cognitive and motor skills, making it a valuable tool in this regard.

When categorizing athletes as high-performing or low-performing, it is important to note that athletes competing in the “Landesliga” may not necessarily be considered ‘experts’. This distinction could potentially impact the interpretation of the results. While the study aimed to include participants with varying levels of performance, it is crucial to recognize that the definition of ‘expertise’ can vary depending on the context and sport being studied. In this context, including Landesliga athletes in a soccer-specific study could potentially bias the results, particularly if they are perceived as less experienced or competent than athletes at higher performance levels (Bundesliga). Future research should carefully consider participant selection and competence definition to avoid such biases. It is crucial to consider other relevant factors, such as experience, training intensity, or individual performance history when assessing performance, rather than relying solely on the competition level. Categorizing participants into high-performance (HP) and low-performance (LP) groups by calculating a score could provide a more detailed and precise classification. Future research could investigate the feasibility of integrating both league classification and a calculated score based on relevant performance variables. This integration could lead to a more comprehensive and nuanced understanding of participants’ performance levels, increasing the validity and depth of the results. This strategy requires careful consideration of the weighting and selection of performance variables to ensure that the derived scores accurately reflect athletes’ abilities while remaining practical and interpretable.

Moving forward, a more comprehensive approach to talent identification and development in sports is necessary. Researchers and coaches should focus on maximizing athletes’ potential by optimizing various factors, including cognitive and motor aspects. Further integration of non-traditional talent criteria, such as motivational factors, social support, and personality traits, could help create a more holistic picture of talents. Future research approaches could involve refining and adapting motor-cognitive decision-making tasks. By utilizing different variations and tasks in the decision-making process, athletes’ flexibility and adaptability could be further enhanced. Integrating modern technologies, such as virtual reality, could offer new opportunities for training and assessing cognitive and motor skills. Future studies and practices in talent identification and development in sports should encompass a broader range of factors and criteria to gain a more comprehensive understanding of talents and ensure that no potential goes unnoticed. This approach can facilitate the optimal development and nurturing of athletes to help them achieve their full potential.
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Introduction: This study aimed to describe the fixation location and the time of the longer fixation of expert and novice futsal coaches before the ball was in play in futsal set pieces.
Methods: A total of 10 experts (ages 48 ± 5) and 10 novice coaches (ages 40 ± 7) participated in the study. They observed that 38 video clips were created to mimic the attack and defensive set-piece moments of the game. Data were collected in a standardized video analysis task using the pupil invisible eye tracker and processed through the pupil cloud platform. The Mann–Whitney test was conducted to evaluate differences in gaze duration between game moments (attack and defense set pieces) and groups (expert vs. novice). Gaze duration was also compared for gaze location between groups. For further comparisons, the game moments (attack and defense set pieces) and the gaze location were summarized in two-dimensional graphics using correspondence analysis.
Results and discussion: The results revealed higher values of gaze duration for attack and defense set pieces for the group of experts than for novices. When considering gaze duration, expert coaches had higher values than novices for the attacker 3, defender 3, barrier 1st, and barrier 2nd gaze locations. The correspondence analysis showed different strategies of visual search and, consequently, gaze locations for attack and defense set pieces. In particular, there was different correspondence for free kicks between the level of expertise and gaze location, while corner and sideline kicks revealed some correspondence between the groups and the gaze location. In free kicks, coaches should be particularly concerned about the relationship between attacker and defender three and the barrier 1st and 2nd line positions. In corner and sideline kicks, coaches should be particularly aware of the relationship between attackers' and defenders' positions.
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Introduction

Futsal, as a team sport, is characterized by its high level of unpredictability, based on constant alternations in the pace of play and possession of the ball. In this context, different game moments are characterized by specific game dynamics, forcing players and coaches to pick up different visual information to prospectively understand the best individual and collective possibilities for actions (Travassos et al., 2012; Rodrigues et al., 2024). For example, previous research reported differences in the visual search strategies and, consequently, in the visual information used by coaches to characterize the attack, defense, and set pieces in game moments (Rodrigues et al., 2024). In particular, the set pieces or “dead ball situations” (Hüttermann et al., 2018), game moments in which the ball is stationary, revealed specificities in the visual information used by futsal coaches in comparison with the regular attack or defense game moment (Rodrigues et al., 2024). Interestingly, the set pieces are a dangerous game moment in which the ball starts stationary, and there are movements of attackers and defenders before the ball is in play to open passing and shooting lines. Previous research showed that the set pieces in the game moment in futsal account for ~25% of all shots made by a team during the game, and in the 2010 European futsal championship, the Portuguese team scored 46% of their goals with set pieces (Leite, 2012). The percentage of successful set pieces seems to be one of the variables that best distinguish winning teams from losing/drawing teams (Santos et al., 2020), requiring further attention from coaches for its preparation.

Within this scenario, since the visual information of the game is circumstantial to each game moment, the coach's knowledge and attunement to the relevant information (i.e., the capacity to perceive the relevant information according to each game moment) is paramount to shaping and guiding their behavior (Wood et al., 2023). In line with the ecological dynamics approach, the coaches' ability to understand game dynamics and support decision-making depends on their perceptual abilities to explore each game moment, extracting the most informational variables (Araújo et al., 2009). Thus, analyzing the coaches' visual search strategies in specific game moments can play an important role in further understanding how coaches explore the game to understand players' and teams' possibilities for action (Roca et al., 2011; Silva et al., 2013).

Mann et al. (2007) suggested that in sports, experts tend to capture relevant information from the environmental context with greater precision than novice coaches. The analysis of gaze behavior using variables, such as the number of fixations, their duration, and location (Lebeau et al., 2016), has sought to distinguish the visual search strategies of different levels of expertise among players and coaches. However, variables including the location of fixations and the quiet eye duration, i.e., the final fixation or tracking gaze at a specific location for a minimum of 100 ms, before movement initiation (Vickers, 2016), have emerged as variables that consistently distinguish experts from novices (Mann et al., 2007; Klostermann and Moeinirad, 2020). Previous research showed that a longer gaze fixation at specific locations and for an optimal amount of time prior to movement proves to be a characteristic of expert players (Vickers, 2016; Klostermann and Moeinirad, 2020). Although considering that coaches do not execute a motor skill in the same way as athletes, in futsal set pieces, it is paramount to understand the specific locations of the longer gaze fixation before the ball is in play to understand the information that supports the anticipation of set piece possibilities for an action (Hüttermann et al., 2018). In fact, the analysis of the information used before the ball is in play could help to understand the anticipation strategies followed by coaches and the sources of information that guide their decision-making (Mann et al., 2007).

To the best of our knowledge, no study with coaches has analyzed the visual search strategies, particularly the longer fixation at a particular location, before the ball is in play in set pieces. Thus, this study aimed to describe the fixation location and the time of the longer fixation of expert and novice futsal coaches before the ball is in play in futsal set pieces. It was hypothesized that expert coaches present longer fixations at different locations than novice coaches.



Methodology


Sample

A total of 10 expert (mean age 48 ± 5 years and years of experience 18 ± 4) and 10 novice (mean age 40 ± 7 years and years of experience 1 ± 1) futsal coaches participated in the study. The expert coaches had at least 10 years of experience, held Level III/IV futsal coaching certificates, and were serving as coaches of the national first division or national teams by the time of the research. All the coaches belonging to the expert group had won at least one national or international title. The group of novices completed the Futsal Level I coach course in Portugal in the year of data collection. This study was approved by the Ethics Committee of UTAD/CIDESD (UIDB/04045/2020). The participating coaches signed the free and informed consent form, authorizing the data collection and its use for research purposes, guaranteeing their anonymity.



Procedures

A total of 38 video clips were created to sample the attack and defensive set-piece moments of futsal. A total of 20 clips were attack set pieces (2 min of exposure): seven clips, offensive corner kicks (OfCor); seven clips, offensive sideline kicks (OfSide); six clips, offensive free kicks (OfFree) and 18 clips were defense set pieces (2 min of exposure): six clips, defensive corner kicks (DefCor); six clips, defensive sideline kicks (DefSid); and six clips, defensive free kicks (DefFree). The order of the clips for each game moment was kept constant, with the sequence of the three-game moment categories randomized across participants.

The technical footage and video clips were obtained from the Portuguese Football Federation and selected by convenience and consensus by the first and last authors (expert futsal coaches) to represent attack and defense set pieces (Roca et al., 2011). The videos were filmed from an elevated view of the field, which is a similar perspective to the videos that coaches usually use to analyze opponents. The overall videos were previously used by Portuguese Football Federation coaches for the same purpose. The participants were asked to watch the clips focusing on one of the teams, similar to how they would analyze an opponent's team. Before starting the video, they received specific instructions on whether to focus on the team's attacking or defensive play.

In this study, video clips were projected onto a screen (2.7 m × 3.6 m) using a projector (LG CineBeam LED HD 1,280 × 720) (Roca et al., 2011). The coaches were positioned two and a half meters away from the screen, allowing them to view the clips from a third-person perspective and an elevated view. When viewing the videos, all the participants used the Pupil Invisible eye-tracker system by Pupil Labs (120 Hz high-speed camera, 200 Hz eye camera), which has two built-in infrared cameras, one on each side. Infrared LEDs placed near the cameras located in the eye area were used to activate the lighting, enabling the Pupil invisible system to be used in dark environments (Tonsen et al., 2020). This setup was connected to a smartphone that recorded data relating to visual search strategies while watching the videos. The coaches were instructed to watch the video clips of the game to analyze the opponent: first by characterizing the scenes related to attack set pieces and then those related to defense set pieces. All the coaches went through a period of familiarization in which they watched all the videos one time and were given the opportunity to inquire about the data collection procedures.



Data collection

Data collection for set pieces in the analysis began the moment the ball was placed on the ground, and data collection was stopped the moment the ball started to move, leaving the foot of the set piece taker (Figure 1).


[image: Silhouette sequence of a person performing a soccer dribble, showing stages from stationary to engaged movement with a ball, emphasizing dynamic progression and body posture change.]
FIGURE 1
 Representation of the moment the ball is placed on the ground until it leaves the performer's foot.


During the time in analysis, the longer fixation location, for a minimum of 100 ms of duration, and the location of the fixation were considered for analysis (Aksum et al., 2020; Casanova et al., 2022; Ballet et al., 2023). When two locations were superimposed during the fixation, both locations were registered. Thus, considering the object(s) inserted in the gaze circle, the following locations were included in the analysis (Figure 2): attacker without a ball (A), defender (D), space (S), attacker 2 (A2), attacker 3 (A3), attacker 4 (A4), defender 1 (D1), defender 2 (D2), defender 3 (D3), defender 4 (D4), set piece taker (SPT) barrier 1st line (B1) and barrier 2nd line (B2). The attackers and defenders were assigned 1–4 according to the initial distance to the ball, a strategy used by coaches to discriminate the positions of players in set pieces.


[image: Three diagrams illustrating soccer plays. The first shows a "Corner kick" with player positions marked. The second illustrates a "Sideline kick" with tactical positioning. The third depicts a "Free kick," highlighting player distribution on the field. Each scenario is labeled at the top.]
FIGURE 2
 Representation of the variables included for the game moments attack and defense set pieces (free kick).




Statistical analysis

A Shapiro–Wilk test was used to assess the data distribution. Due to the existence of a non-normal distribution of data, the comparisons between performance variables were assessed using a non-parametric test. The Mann–Whitney test was conducted to assess general differences in gaze duration for attack and defense game moments between the two groups of coaches (expert vs. novice). We also compared the gaze duration, considering the gaze location between the groups. The significance level was set at a p-value of ≤ 0.05. To avoid Type I errors when comparing gaze duration considering the gaze location between expert and novice coaches, multiple testing using Bonferroni correction was made, and the significance level was set at a p-value of ≤ 0.004. The magnitude of differences was assessed using Hedges' g effect sizes (≥0.2–0.5 small, ≥0.5–0.08 moderate, and ≥0.8 large effect size). The game moments (attack and defense set pieces) and the gaze location were analyzed through correspondence analysis. This is a statistical technique similar to principal component analysis, in which the common position of the categories in the distance from the center of the presentation is to be interpreted as the correlation or correspondence of the categories. This technique allows for the analysis of simple two-way tables containing some measure of correspondence between the rows and columns. The data were summarized in two-dimensional graphics, allowing the visualization of the relationships between the categorical variables game moments and gaze location. Each row and column of the contingency table represents a variable and was represented as a point in the plot. The distance between points reflects the association between variables. Points that are closer together indicate stronger associations between the correspondent variables. The correspondence analysis, through the two-dimensional graphics, provides a visual summary of the data, making it easier to understand the complex relationship between the categories of variables. Each dimension in correspondence analysis corresponds to a principal component that explains the variance obtained (i.e., inertia). Two different plots were constructed to stratify the results according to the game moments (attack and defense set pieces) and gaze location in expert and novice groups. Statistical analyses were performed using SPSS 24.0 (SPSS Inc., Chicago, IL, United States).




Results

The analysis of the gaze duration for the attack (OfCor, OfSid, OfFree) and defense set pieces (DefCor, DefSid, DefSid) showed statistically significant differences between the groups, with moderate to large effect sizes for all the moments considered, with the exception of the defensive sideline, which revealed only a small effect. The higher values of gaze duration were observed for the group of experts than novices (Table 1). Interestingly, the group of experts revealed higher variability in gaze duration for most of the game moments than the group of novices (Table 1).


TABLE 1 Gaze duration between expert and novice coaches for each attack and defense set piece.

[image: Table comparing gaze duration in milliseconds between experts and novices for different types of soccer kicks. The table includes columns for median and interquartile range (IQR) for both groups, alongside statistical values U, P, and g. Statistically significant differences are indicated in bold. The tasks include offensive corner kick, offensive sideline kick, offensive free kick, defensive corner kick, defensive sideline kick, and defensive free kick, with significant P-values for most cases indicating noteworthy differences in gaze duration.]

The analysis of gaze duration (ms), considering the location, showed statistically significant differences, with moderate to large effect sizes, between groups for the variables including attacker 3 (A3), defender 3 (D3), and barrier 1st line (B1st). Only the expert coaches used the information from barrier 2nd line (B2nd line) during the time of analysis. Higher values of gaze duration, considering location, were observed for the group of experts than for novices (Table 2). As previously observed, the group of experts revealed higher variability in gaze duration considering the location than the group of novices (Table 2).


TABLE 2 Gaze duration considering the gaze location between expert and novice coaches.

[image: Table displaying gaze duration in milliseconds for experts and novices. Columns include Median and IQR for both groups, U, P, and g values. Notable significant differences are indicated in bold, such as A3 (P = 0.001, g = 0.77) and D2 (P = 0.008, g = 0.61). IQR denotes interquartile range.]


Attack set pieces

The chi-square analysis for the attack set pieces showed a significant association between the group and gaze location (X2 = 483.04, p < 0.001), justifying the use of correspondence analysis. The analysis of each dimension revealed that dimension 1 explained 64.4% of the variation, and dimension 2 explained 20.6% of the variation. In total, a cumulative 84.9% of the inertia is explained by the two dimensions created. The results revealed that dimension 1 was predominantly characterized by expert offensive free kicks (45.5% of inertia) and novice offensive free kicks (30.2% of inertia), while dimension 2 was predominantly characterized by novice offensive free kicks (46.7% of inertia) and expert offensive free kicks (42.8% of inertia). Regarding the gaze location, the results revealed that dimension 1 was predominantly characterized by the attacker without the ball (A) (34.7% of inertia), the defender (D) (21.2% of inertia), the barrier 1st line (B1st) (13.4 of inertia), attacker 2 (A2) (8% of inertia), and attacker 3 (A3) (7% of inertia). Dimension 2 was predominantly characterized by the attacker without ball (A) (31.1% of inertia), defender (D) (28.7% of inertia), space (S) (13.8% of inertia), and barrier 1st line (B1st) (11% of inertia).

By examining the biplots of attacking set pieces (Figure 3), the expert and novice coaches were always represented in different quadrants for the same set piece moment, revealing a distinct relationship with gaze location variables, particularly explained by variations in dimension 2. While the analysis of offensive free kicks by experts (Exp-OfFree) is represented in the left lower panel, the analysis of offensive free kicks by novices (Nov–OfFree) is represented in the left upper panel. Accordingly, different associations were observed between gaze location variables. The offensive free kicks of experts (Exp-OfFree) revealed some correspondence with the gaze locations attacker without a ball (A) and barrier 1st line (B1), while the offensive free kicks of novices (Nov–OfFree) revealed some correspondence with the gaze locations defender (D), space (S), and set piece taker (SPT).


[image: Scatter plot illustrating attack set pieces and gaze location for experts and novices. The x-axis represents Dimension 1 with 64.4% inertia, and the y-axis represents Dimension 2 with 20.6% inertia. Points labeled as experts (Exp) and novices (Nov) are distributed, showing different positioning between attackers and defenders across the axes.]
FIGURE 3
 Biplot from the correspondence analysis of game moments (attack set pieces) and gaze location.


The analysis of the offensive corner and sideline of experts (Exp-OfCor and Exp-OfSid) is represented in the lower right panel, while the offensive corner and sideline of novices (Nov-OfCor and Nov-OfSid) are represented in the upper right corner. However, the distance between them was small, not allowing them to clearly distinguish the preferential information that is used by each one.



Defense set pieces

The chi-square analysis for the defense set pieces showed a significant association between the group and gaze location (X2 = 457,21, p < 0.001), justifying the use of correspondence analysis. The analysis of each dimension revealed that dimension 1 explained 61.2% of the variation, and dimension 2 explained 19.8% of the variation. In total, a cumulative 81.1% of the inertia is explained by the two dimensions created. The results revealed that dimension 1 was predominantly characterized by expert defense free kicks (55.7% of inertia) and novice defense free kicks (17.6% of inertia), while dimension 2 was characterized by novice defense free kicks (66.2% of inertia) and expert defense free kicks (25.4% of inertia). Regarding the gaze location, the results revealed that dimension 1 was predominantly characterized by an attacker without ball (A) (26.9% of inertia), defender (D) (21.9% of inertia), and barrier 1st line (21.3% of inertia). Dimension 2 was predominantly characterized by an attacker without a ball (A) (37.8% of inertia), a defender (27.7% of inertia), and a set-piece taker (SPT) (22.8% of inertia).

By examining the biplots of defensive set pieces (Figure 4), the expert and novice coaches were always positioned in different quadrants for the same set piece moment, revealing a distinct relationship with gaze location variables, particularly explained by variations in dimension 2. The analysis of defensive free kicks of experts (Exp-DefFree) is represented in the lower left panel, while novices (Nov–DefFree) appear in the upper left panel. Accordingly, different associations were observed with gaze location variables. The defensive free kicks by experts (Exp-DefFree) revealed some correspondence with the gaze locations attacker without a ball (A) and barrier 1st line (B1), while the defensive free kicks by novices (Nov–DefFree) revealed some correspondence with gaze locations defenders (D), barrier 2nd line (B2), space (S), and set piece takers (SPTs).


[image: Scatter plot titled "Defense set pieces and gaze location (expert and novice)" showing two dimensions. Dimension 1 accounts for 61.2% of inertia, and Dimension 2 accounts for 19.5%. Points like "Exp_DefOff", "Nov_DefOff", and "Space" are plotted, illustrating differences between expert and novice gaze locations. Clusters of points represent positions such as defender, attacker, and barriers.]
FIGURE 4
 Bi-plot from the correspondence analysis of game moments (defense set pieces) and gaze location.


The analysis of the defensive corner and sideline of experts (Exp-DefCor and Exp-DefSid) is displayed in the lower right panel, while the defensive corner and sideline of novices (Nov-DefCor and Nov-OfSid) are shown in the upper right corner. However, the distance between them was small, hindering the clear differentiation of the preferential information that is used by each group.




Discussion

This study aimed to describe the fixation location and the time of the longer fixation of expert and novice futsal coaches before the ball was in play in futsal set pieces. The results partially confirm the hypothesis that expert coaches present longer fixations at different locations than novice coaches. The gaze duration presented significant differences between expert and novice coaches for all the set pieces in the analysis. Expert coaches tend to fix more time on the gaze in attacker 3 (A3), defender 3 (D3), barrier 1st line (B1st), and barrier 2nd line than novices. Moreover, variations in the gaze location between expert and novice coaches were only clear for attack and defense free kicks. The correspondence between attack/defense corner and sideline kicks did not show variations in the correspondence according to the level of expertise.

The current results reinforced the idea that the visual information that sustains understanding of each game moment is specific and needs to be considered in the coaches' development process (Rodrigues et al., 2024). Particularly, in the analysis of free kicks, novice coaches could be aware of the information that they pick up before the ball is in play to anticipate the players' possibilities for action (Araújo et al., 2009). This result highlights the information used to support their decision and contributes to further understanding of the key information that should be considered for each game moment (Mann et al., 2007).

In the context of this study, the set pieces analysis was considered to understand how coaches explore visual information before the ball is in play, i.e., during the time the ball is placed on the ground until it leaves the set piece taker's (SPT) foot in set pieces moments. Therefore, expert coaches revealed longer fixations, often occurring at the end of the set piece. The longer the observation of specific information by the expert coaches in comparison with the novice, even when the ball is stopped, could mean the great ability of coaches to be attuned to the key information of the context (Withagen et al., 2012). In other words, speculatively, the higher values of gaze duration verified by the expert coaches could be the result of a clear knowledge of the spatial-temporal relationships that promote offensive or defensive advantage in game moments of set pieces (Araújo et al., 2009). The observed higher variability in gaze duration values for expert coaches could result from the individual strategies of exploration of opportunities for action according to their own knowledge and game model.

Before the ball is in play, expert coaches tend to fixate more time on attacker 3 (A3), defender 3 (D3), barrier 1st line (B1st), and barrier 2nd line (B2nd) when compared to novices. In set pieces, particularly in the corner and sideline kicks, the attacker and defender 3 are usually the players that directly or indirectly create space to open passing and shooting lines for themselves or other players. Thus, understanding their angular relationship and the space between attacker and defender 3 in relation to the goal is fundamental before the ball is in play to understand the spaces created for shooting (Corrêa et al., 2014; Vilar et al., 2014). In free kicks, expert coaches tend to fixate more time on the barrier 1st line (B1st) and barrier 2nd line (B2nd) compared to novices. This information could be used to understand the number of players in the barrier and their relative position on the field in relation to the ball and goal, and it is crucial in understanding the numerical balance between attackers and defenders in relation to the goal. This understanding is fundamental for prospectively assessing players' possible passing and shooting lines in the field and anticipating possible actions, which is characteristic of expert coaches (Savelsbergh et al., 2002; Mann et al., 2007).

In the analysis of attack and defense set pieces, correspondence analysis shows different visual search strategies and, consequently, gaze locations for each game moment. The variance of dimensions 1 and 2 (i.e., inertia) was almost explained by expert and novice free kicks for both attack and defense, revealing major differences between expert and novice coaches. In contrast, the variance explained by the corner and sideline kicks was too small. This means that there is some correspondence between the gaze locations of expert and novice coaches on corner and sideline kicks, while free kicks present a variation in correspondence between the groups and gaze locations.

The analysis of offensive and defensive free kicks revealed that expert coaches tend to preferentially focus on the informational variables of the barrier's 1st line and attackers without the ball. In contrast, novice coaches, during offensive plays, focus on the variables including defender, space, and set piece taker, while in defensive play, their attention is drawn to the barrier 2nd, defender, space, and set piece taker. In line with previous research, experts appear to be more selective in the informational variables considered to understand the possibilities for action during free kicks compared to novices (Mann et al., 2007). These results suggest that novice coaches may face greater challenges in identifying relevant cues necessary to understand the game's potential actions effectively (Abernethy and Russell, 1987; Abernethy, 1990; Mann et al., 2007; Mitchell et al., 2020).

Regarding offensive and defensive corners and sidelines, novice coaches revealed a close correspondence with the informational variable defender 1. Expert coaches have a close correspondence with the informational variables including attacker 2, attacker 3, attacker 4 and defender 2, defender 3, and defender 4. It is not possible to assume that there is a clear distinction between their visual strategies. Due to the small space in which such moments occur, further research is required to understand whether the lack of differences was related to similarities in the visual search of expert and novice coaches or to methodological issues regarding the identification of the gaze location in the video. Besides the differences in visual strategies between expert and novice coaches identified in this study, questions such as “Are there other relevant sources of information that coaches are looking for?” arise. These questions cannot be answered due to the technological limitations of the device used in this research, but there is a need in the future to capture the real intentions of the expert coaches that guide their gaze, visual search strategies, and their fine perception (Wood et al., 2023). Further research using qualitative methods could be particularly relevant to understanding the intentions and knowledge underpinning expert coaches' behaviors. Furthermore, some research studies need to be conducted in coach education courses to understand the effects of using video analysis as a learning strategy to guide novice coaches' visual search strategies. Despite the results obtained, we acknowledge that the participation of the reduced number of coaches is a limitation of this study. Moreover, for comparison purposes, data collection was carried out using videos and not in the futsal game setting. Further research is required to understand the major differences between coaches' visual search behaviors in analyzing opponent teams during the competition or in the video.



Conclusion

Based on the hypotheses, we can conclude that experts present longer fixations at different locations than novice coaches, particularly for free kicks. To the best of our knowledge, this was the first study to attempt to investigate the visual search strategies of coaches in set pieces, particularly before the ball is in play. These results can improve the understanding of the critical information that may underlie attack and defense set pieces in Futsal. In free kicks, coaches should be particularly concerned about the relationship between attacker and defender 3 and the barrier 1st and 2nd line positions. In corner and sideline kicks, coaches should be particularly aware of the relationship between attackers' and defenders' positions. This information could be used by novice coaches to develop visual search strategies for set pieces before the ball is in play, improving their capacity for anticipation and decision-making during the game.
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Introduction: Action observation (AO) and motor imagery (MI) are cognitive processes that involve mentally rehearsing and simulating movements without physically performing them. However, the need for the evidence to support influence of imagery on performance is increasing. This study aims to investigate the impact of combining motor imagery with action observation on athletes’ performance and performance perception.



Method: Using a pre-test post-test design with a factorial setup, participants were randomly assigned to experimental and control groups. A pre-research power analysis determined the sample size, resulting in 21 voluntary participants (10 male). Opto Jump device recorded drop jump performance measurements, while participants predicted their performance post-motor imagery and action observation practices. The experimental group underwent an 8-week AOMI intervention program, involving 24-minute motor imagery sessions during video observation thrice weekly. Post-test measurements were taken after the intervention.
Results: Results indicated no significant performance increase in the experimental group post-intervention, yet the group showed enhanced performance estimation following the video observation, but not in motor imagery condition. Conversely, this improvement was absent in the control group.
Discussion: Although AOMI intervention didn’t enhance physical performance, it has positively affected athletes’ perception toward their performance. The findings are discussed in relation to existing literature.
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Introduction

Motor simulation theory suggests that individuals can mentally rehearse an action both overtly and covertly through action observation (AO) and motor imagery (MI) in the absence of motor execution (Jeannerod, 1994, 2001). AO and MI describes the simultaneous act of generating, sustaining, and modifying a movement while following a kinesthetic representation of the same action synchronized in time (Vogt et al., 2013). Meers et al. (2020) introduced the visual guidance hypothesis (VGH) as an explanation for how AOMI may impact movement. They propose that during AOMI, motor imagery takes precedence, with the action observation component serving merely as an external visual guide that enhances the vividness of MI generation. This suggests that AO does not activate a separate motor representation during AOMI, but rather reinforces the motor representation stemming from MI. VGH posit that AOMI has the potential to influence motor skill execution beyond isolated AO or MI by enhancing activity in motor regions of the brain.

Studies evaluating the impact of the AOMI approach on various domains (neurological, behavioral, psychological) exist in the literature. When examined at from a cognitive perspective, motor learning is influenced by changes in mental representations of motor skills (Schack, 2004). These mental representations consist of cognitive information related to executing the movement, including required body postures, relevant movement components, and associated sensory outcomes (Wright et al., 2022). For instance, when a skill is about to be performed by an athlete, the movement is guided by evoking mental representations of the skill. Considering that AO and MI develop mental representations through different mechanisms, combining these two processes in an AOMI intervention is suggested to be more effective than independent AO or MI in enhancing the mental representations of the action in long-term memory (Kim et al., 2017; Wright et al., 2022). From neurological perspective, motor simulation theory explains how activations in the neural network system may cause changes. In the past decade, research on AOMI interventions has consistently shown increased activity in motor regions of the brain compared to independent AO or MI. The evidence suggests an activation in overlapping brain regions during the imagery, observation, or execution of movements (Hétu et al., 2013; Hardwick et al., 2018; Wright et al., 2018). However, the direct link between increased neurophysiological activity during AOMI and improved performance is yet to be established (Frank et al., 2020). However, the similarity in neural activation during imagery does not fully explain skill development in sports performance and sport-specific contexts. The processes of planning, programming, monitoring, and controlling movements during motor imagery suggest that the underlying mechanism of this method is much more diverse and intricate (see e.g., O’Shea and Moran, 2017). The discussion toward motor simulation theory raised by O’Shea and Moran (2017) highlights the importance carefully examining the causes of behavioral consequences of imagery interventions.

In terms of behavioral outcomes, Smith and Holmes (2004) demonstrated that participants receiving AOMI intervention showed higher performance in golf putting tasks compared to those engaged solely in motor imagery. Similarly, in a study by Wright and Smith (2009), participants receiving an intervention similar to AOMI exhibited increased forearm strength compared to those engaged only in motor imagery. The effectiveness of AOMI in enhancing performance stems from eliminating the necessity to create mental movement imagery through visual input (Holmes and Calmels, 2008). Hence, participants do not exert additional effort to generate mental images of the desired movement, allowing them to focus on the kinesthetic aspects of the desired skill by clearing attentional resources. Moreover, visual, auditory, or temporal cues related to motor skills can be conveyed to participants through video (Eaves et al., 2016b). Studies examining the acute effects of imagery interventions on performance generally provide evidence related to cognitive components in tasks such as balance, movement precision (Smith and Holmes, 2004; Romano-Smith et al., 2018; Wright et al., 2018), or predominantly maximal isometric muscle contractions (Wright and Smith, 2009; Di Rienzo et al., 2015, 2019). A detailed evidence can be found in the meta-analysis conducted by Chye et al., 2022 where authors suggest that AOMI influences sport-specific movement outcomes moderate to high-level. It can be drawn from the existing literature that the effectiveness of imagery interventions on jumping requires attention.

Jumping, a complex human movement that necessitates intricate motor coordination between upper and lower body segments, involves the assessment of the propulsive force of the lower extremities during vertical jumps to assess the explosiveness of both sedentary individuals and elite athletes (Markovic et al., 2004). In this study, jumping performance was chosen as a fundamental measurement tool due to its widespread use in evaluating sports performance and commonly being a parameter used to evaluate athletes’ physical abilities. Especially considering the importance of jumping ability in terms of many sports performances (Young et al., 1995; Gorostiaga et al., 2004; Walsh et al., 2004; Mikkola et al., 2007), examining motor imagery in this context is necessary as well. However, to the best of our knowledge, the number of studies examining the effect of imagery on jumping performance is quite limited in the sports psychology literature. The closest studies have usually examined the effect of motor imagery on jumping performance.

A recently conducted meta-analysis by Lindsay et al. (2023) included only one study (Olsson et al., 2008) examining the impact of imagery on jumping performance. In this study by Olsson et al. (2008), high jumpers showed no significant difference in jump heights following imagery sessions, yet the group practicing imagery in addition to training showed a notable improvement in technical skill, particularly in bar clearances. Another study by Battaglia et al. (2014) with gymnasts revealed a positive impact of motor imagery on jumping performance parameters. On the contrary, Avila et al. (2015) found no significant difference in active jumping performance between groups practicing imagery compared to those who did not. Additionally, Bergmann et al. (2013) examined the effect of motor imagery on depth jumps, indicating a rather limited effect. They propose that in addition to, participants’ predisposition toward the motor skill used during the experimental task might have influenced this outcome.

The utilization of the jumping paradigm in this research aligns with the strength approach to assess the effectiveness of AOMI intervention. This choice is deliberate because prior imagery research predominantly employed tasks with a substantial cognitive aspect, such as balance, precise movements, or maximal isometric muscle contractions (Bergmann et al., 2013; Hardwick et al., 2018; Di Rienzo et al., 2019; Simonsmeier et al., 2021). AOMI could be an important tool for enhancing jumping performance because the nature of the jumping movement requires the interaction of both visual and kinesthetic elements (Wright et al., 2022). AOMI can support the formation of mental representations of the jumping movement by observing the correct form and technique of the jump (Eaves et al., 2016a; Kim et al., 2017; Bach et al., 2022). This method can enhance movement performance by increasing brain activation of the muscle groups actively used during jumping. AOMI can help automate motor skills and enhance performance by mentally rehearsing the movement (Nedelko et al., 2012; Lee et al., 2021). AOMI can provide athletes with visual feedback to understand and optimize the complexity of the jumping movement (Kraeutner et al., 2020).

Although many studies suggest the impact of AOMI interventions on performance (Eaves et al., 2016b; Simonsmeier et al., 2021; Chye et al., 2022), varying outcomes regarding its influence specifically on jumping performance indicate a lack of consensus (Olsson et al., 2008; Bergmann et al., 2013; Battaglia et al., 2014; Avila et al., 2015). Despite the strong evidence supporting the AOMI effectiveness in certain movement classifications the lack of consensus in jumping performance literature requires more attention. Based on this, we developed a paradigm to assess the perception of the participants toward the intervention. This discriminate our experiment in terms of finding the perceived benefit of the AOMI interventions from individual perspective. By doing so, we hypothesized that individuals in intervention group would perceive the imagery more beneficial compared to their counterparts. It is also essential to note that measuring a motor skill which is widely accepted as an indicator of athletic performance is a necessity of imagery studies to highlight its’ effectiveness. Therefore, we tend to believe that conducting research involving imagery intervention utilizing the Action Observation with Motor Imagery (AOMI) method may influence performance. Therefore, the need arose to conduct an eight-week intervention study incorporating AOMI intervention to investigate its potential impact on performance.



Materials and methods


Research design

A randomized controlled 2 × 2 factorial design was used in this experimental study (Goodwin and Goodwin, 2016; Passer, 2020). The independent variables in this study were (1) type of intervention (AOMI vs. control) and (2) time (pre-test vs. post-test). The dependent variables were (1) drop jump performance, as measured by the Opto Jump device, and (2) perceived performance estimation, as predicted by the participants after the intervention. This design allowed us to investigate both the main effects of each independent variable and the interaction effects between them on the dependent variables. By employing this factorial design, we were able to systematically explore the influence of the combined AOMI intervention on both objective performance metrics and subjective performance perceptions.



Participants

Students from the faculty of sport sciences were recruited for the study. Inclusion criteria stipulated participants to be actively involved in sports, right-handed, free from neurological conditions, and possessing normal visual acuity. A priori power analysis determined that a group size of 20 participants was adequate (Effect size f = 0.35, α = 0.05, Power = 0.80). 30 participants (15 males) were hired for study to account for possible dropouts. Eight participants dropped out of the study and one outlier from the experimental group was excluded based on statistical methods leaving 21 participants (10 males, 11 females) for final analysis. The experimental group had an average age of 20.20 years (SD = 1.81), height of 171.30 cm (SD = 6.44), and weight of 62.70 kg (SD = 13.89). The control group had an average age of 19.09 years (SD = 0.53), height of 178.18 cm (SD = 7.76), and weight of 72.27 kg (SD = 6.88). Imagery ability, assessed using the MIQ-R, showed pre-test kinesthetic scores of 5.95 (SD = 0.80) and post-test scores of 6.00 (SD = 0.62) for the experimental group, compared to 5.43 (SD = 1.01) and 5.55 (SD = 0.52) for the control group. Pre-test visual scores were 6.42 (SD = 0.44) and post-test scores were 6.20 (SD = 1.40) for the experimental group, while the control group had pre-test scores of 6.30 (SD = 0.56) and post-test scores of 6.30 (SD = 0.70).


Measurements


Movement imagery questionnaire-revised form

Participants’ motor imagery abilities were assessed using the Movement Imagery Questionnaire-Revised Form (MIQ-R), adapted into Turkish by Akkarpat (2014) from Monsma et al. (2009)’s original questionnaire. This tool evaluates visual and kinesthetic imagery across four movements: jumping, arm movement, toe touching, and knee raising. Participants completed three stages for each movement: assuming the initial position, physically performing the movement, and mentally recreating the movement without executing it physically. They rated the ease of visualizing/feeling each movement on a scale from 1 to 7. To ensure understanding, participants were given a demonstration and allowed to physically perform the movements before the assessment.



Likert measurements

Participants were requested to provide self-assessments of their motivation levels throughout the course of the experimental procedures. To facilitate this evaluation, participants were instructed to employ a 10-point Likert scale, with ratings ranging from 1 (“indicating a low level of motivation”) to 10 (“indicating a high level of motivation”). Additionally, participants were asked to evaluate the mental difficulty they perceived during each of the imagery sessions. This assessment was conducted using a single statement: “What is the perceived level of mental difficulty experienced during the imagery activity you engaged in?” Responses were recorded on a 10-point Likert scale, spanning from 1 (“indicating not at all difficult”) to 10 (“indicating a very high level of difficulty”). It’s noteworthy that this methodology, involving a single question to assess motivation in relation to experimental processes and perceived difficulty during imagery sessions, has been previously utilized in an imagery study conducted by Di Rienzo et al. (2019).



Performance measurement

Participants underwent three weeks of practice trials for Drop Jump (DJ) before the pre-test measurements. Both groups familiarized themselves with these jumps and performed them in consistent environmental conditions. Before the jumps, participants completed warm-up exercises, including stretches, body-weight squats, and a short run. The DJ measurements followed a full rest period after the warm-up, using the OptoJump Next® device. This device has high reliability (ICC 0.88–0.98), validated in sports sciences (Glatthorn et al., 2011; İnce, 2019) and was used with manufacturer-advised protocols for DJ measurements. During assessments, participants executed a vertical jump at maximum speed, adhering to specific body positions. Any deviation led to exclusion or repeat of measurements, with the average of two successful trials determining performance (Battaglia et al., 2014).





Perceived performance measurement

Following the completion of physical performance measurements, perceived performance predictions were measured. During both the pre-test and post-test stages, each participant was instructed to indicate their perceived performance with implementing single bout of action observation and motor imagery practice. While observing the video participants were tried to imagine drop jump and indicate how high they might have jumped in Action Observation Perceived Performance (AOPP) condition. During the AOPP session, participants were asked to conduct simultaneous action observation and motor imagery. As for the Motor Imagery Perceived Performance (MIPP) condition, they executed a single bout of imagery of without visual aid. In the MIPP condition, participants were first instructed to mentally rehearse the jumping task and then indicate their perceived jump scores. Each participant completed single bout of AOP and MIP trial in random order during both the pre-test and post-test measurement sessions to prevent sequential effects. Perceived performance measurement wasn’t repeated throughout the intervention phase. This method ensured consistent measurement of perceived performance in both stages of the study.



Action observation and motor imagery intervention

After the pre-test measurements, the experimental group commenced the intervention program with meticulously produced videos displaying DJ movement, featuring selected models from the Faculty of Sports Sciences to match participants’ physical abilities. Male models were used for male participants and female models for females, enhancing behavioral congruence. These movements were recorded at 60 frames per second using a GoPro Hero 5 Black action camera. In alignment with established literature recommendations, the videos were recorded from a first-person perspective due to its known efficacy in more profoundly engaging the motor system (Alaerts et al., 2009). This perspective not only provides a closer behavioral match but also significantly enhances overall efficacy (Wakefield et al., 2013).

Before the intervention, participants received comprehensive training in imagery techniques, including the PETTLEP model, emphasizing sensory effects like environmental stimuli, muscle activation, heart rate, and postural changes (Lang et al., 1992; Romano-Smith et al., 2018). Prioritizing sensory effects significantly improves imagery and animation skills (Williams et al., 2013) and animation skills (Wakefield and Smith, 2009).

The intervention ran three times weekly for 8 weeks, following prior research recommendations (Toth et al., 2020; Lee et al., 2021). Each 24-min imagery session comprised 4-min segments with 1-min breaks (4 min. 6 blocks totalling 30 min. including the breaks), based on guidance from Lee et al. (2021). Sessions were held in the same laboratory as the initial measurements. The practitioner overseeing the sessions was blind to specific research objectives, aiding participants through each 4-min block and emphasizing the importance of the 1-min breaks.



Manipulation check

Imagery diaries served as a manipulation control in the study. Participants were provided with diaries and instructed to complete them to verify adherence to the imagery session instructions throughout the study’s duration. Furthermore, it is worth noting that maintaining diaries to document specific emotional experiences during each imagery session, any encountered difficulties, or feedback on the intervention method, aligns with practices in prior imagery research (Smith et al., 2020).


Procedure

The participants, upon giving their consent, were enrolled in the study and assigned to either the experimental or control group using the last four digits of their student numbers. They were informed about the withdrawal option and confidentiality measures. Participants attended the laboratory for eight weeks to follow the intervention program. The study’s nature was kept confidential until data collection was complete, focusing on investigating imagery’s impact on psychological variables. Initial assessments involved imagery ability measurement with the Movement Imagery Questionnaire-Revised Form. Participants were familiarized with performance measurements using the Opto Jump device for three weeks. DJ exercises were practiced 3 times for each week during familiarization. Pre-test measurements were taken after a 7-day rest period to avoid muscle strain. Practice sessions aimed to mitigate bias from physical predispositions, learning effects, and performance variations. Following familiarization, pre-test measurements were implemented along with the perceived performance prediction estimations. They were welcomed by the first author when they arrived the laboratory and informed about the test procedures. Participants underwent 10 min warm-up sessions before engaging in drop jumps. They were considered to be ready to perform the tests after having a short rest (3–5 min.) from warm-up. The AOMI intervention was initiated following the completion of pre-test measurements. Participants were instructed to practice action observation and motor imagery during intervention sessions with fully focus on the movement. Sessions were supervised in a distraction-free laboratory setting. The PETTLEP principles were introduced and ensured to be implemented, assisting participants in adapting these principles to their imagery skills.

In the pre and post-test participants tried to predict their jump heights after a single bout of AOP and MIP in random order. In the AOP performance estimation attempt, they observed a video of model athlete performing the task. First author, who also conducted the tests, provided feedback on jump height and ground contact time durations but this feedback was not provided in the MIP attempts. During the intervention imagery sessions lasted 24 min, divided into 4-min blocks with 1-min breaks in Kraeutner et al. (2020). At each session’s end, a verbal imagery scenario was presented as a warm-up exercise, followed by watching jump videos, simulating drop jumps in sync with the displayed video. Completion of a 30-min session equated to one Action Observation and Motor Imagery (AOMI) intervention session. At the end of the study, participants were thanked and debriefed about the experimental procedure (Supplementary Table 1).


TABLE 1 Comparison of participants’ demographic variables.

[image: A table comparing experimental and control groups across various variables, including age, height, weight, number of exercises, training duration, and MIQ-R scores. Mean and standard deviation values are provided, along with independent sample t-test results for each variable, showing 't' and 'p' values to assess statistical significance.]




Statistical analysis

SPSS version 22 was used for data analysis, presenting descriptive statistics (means and standard deviations). Normality was confirmed in dependent variables for both groups using the Shapiro–Wilk test, histograms, and probability plots. We identified the extreme outlier statistically by assessing histograms, probability plots, and conducting the Shapiro–Wilk test for normality, confirming its status based on 1.5 times the interquartile range (IQR) thresholds, and subsequently excluded it from the dataset. For detecting possible differences between groups, independent samples t-tests were employed at pre-test. The two-way mixed ANOVA (2 × 2) was implemented to find intervention effect and between-group differences.

We utilized the Intraclass Correlation Coefficients (ICC) to assess test-retest reliability, following Koo and Li’s (2016) classification system. Based on their work, ICC values were categorized as follows: ≤ 0.49 poor, ≥ 0.50 ICC < 0.75 moderate, ≥ 0.75 ICC < 0.9 (good), and ≥ 0.9 excellent (Koo and Li, 2016). Cohen’s d effect sizes were used to determine the impact of the independent variable on dependent variables between pre-test and post-test measurements. These effect sizes were accompanied by their 95% confidence intervals. Cohen’s classifications—small (0.2), medium (0.5), and large (0.8)—were adopted to interpret the effect sizes (Cohen, 2013). A significance level of p < 0.05 was used for all statistical tests.




Results


Normality tests

The Shapiro–Wilk test confirmed normal distribution for most pre-test and post-test data, validating the use of parametric tests. Deviation in one parameter’s pre-test values resulted from a single outlier but didn’t significantly affect overall normality. Hence, outlier removal was deemed unnecessary. Participant demographics indicated diverse sports backgrounds in both groups. Exercise frequency for the experimental group was 3.70 ± 1.70 times/week (62.50 ± 15.85 mins/session) and for the control group, 4.45 ± 0.68 times/week (68.63 ± 13.24 mins/session). No significant difference in motivation levels between groups was observed (t = 0.689, p = 0.499). Participants displayed consistent kinesthetic and visual imagery abilities across pre-test and post-test phases (kinesthetic: t = 1.28, p = 0.215, t = 1.817, p = 0.085; visual: t = 0.579, p = 0.569), indicating stable imagery skills. Additional demographic details are provided in Table 1.



Intra-class correlation coefficient

The intraclass correlation coefficient (ICC) was computed to assess the reliability of the measurements. The ICC value obtained for jump performance was calculated as reliable scores (ICC ≥ 0.88) except for the DJ GCT. This high ICC values signifies that the measurements are consistent and reliable in actual performance recordings. Conversely, ICC obtained for performance predictions showed poor reliability (ICC ≤ 0.49) (Table 2).


TABLE 2 Demonstration of intra-class correlation coefficients.
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Performance results

The repeated measures multivariate analysis of variance (ANOVA) conducted to assess the impact of the AOMI intervention program on performance revealed a significant main effect of time on drop jump performance in within-group comparisons [F(1, 19) = 14.491, p = 0.001, ηp2 = 0.433]. Conversely, there was no significant main effect found between groups [F(1, 19) = 0.885, p = 0.359, ηp2 = 0.045]. However, significant main effect was found in the group-time interaction [F(1, 19) = 4.435, p = 0.049, ηp2 = 0.189]. Pairwise comparisons were conducted to assess differences between experimental and control groups at two time points for the main interaction effect (Supplementary Figure 1). The results indicate no significant differences between groups at either time point (Pre-test: MD = −3.017, SE = 2.414, p = 0.227, 95% CI [−8.069, 2.035]; Post-test: MD = −1.184, SE = 2.126, p = 0.584, 95% CI [−5.634, 3.266]). All comparisons were adjusted using Bonferroni correction for multiple comparisons.

Supplementary Figure 2 demonstrates that there was no significant main effect of time in the within-group comparisons for the DJ AO perceived performance prediction [F(1, 19) = 0.085, p = 0.774, ηp2 = 0.004]. Similarly, no significant main effect was found between the groups [F(1, 19) = 0.141, p = 0.711, ηp2 = 0.007]. However, upon examining the group-time interaction, a significant interaction effect was found [F(1, 19) = 5.795, p = 0.026, ηp2 = 0.234]. The mean of the experimental group was significantly increased from pre-test (M = 28.1, sd = 2.33) to post-test (M = 30.95, sd = 7.37) compared to control group. There was no significant main effect of time within-group comparisons for the DJ MI perceived performance prediction [F(1, 19) = 2.791, p = 0.111, ηp2 = 0.128] and no significant main effect between groups was found [F(1, 19) = 0.705, p = 0.411, ηp2 = 0.036] (Supplementary Figure 3). Group-time interaction was also not significant in the same variable [F(1, 19) = 0.003, p = 0.955, ηp2 = 0.001].




Discussion

This study investigates the impact of motor imagery during movement observation on jump performance over a 12-week period. The main outcome of the study points out that experimental group receiving AOMI intervention experienced lower decline in jump performance from pre to post-test compared to the control group but the difference was not significant. This finding indicates that, contrary to our hypothesis, the AOMI intervention did not enhance drop jump performance as expected. Given these results, further investigation is needed to understand the underlying mechanisms and potential factors influencing the effectiveness of AOMI interventions on athletic performance. The findings of our study seems to be contradictory to several previous studies (Yue and Cole, 1992; Ranganathan et al., 2004; Collet et al., 2011; Di Rienzo et al., 2015, 2019; Iacono et al., 2021). A study by Smith et al. (2020) suggested an increase in biceps strength following imagery intervention. Although various studies support the opposite, a meta-analysis conducted by Paulo Manochio et al. (2015) suggests that the evidence does not support the idea of imagery being an effective tool to enhance strength gains. Inconsistent results in the literature raise the question of whether imagery interventions, whether they include video observations or not, indirectly facilitated improvements in participants’ motor skills. However, due to the absence of video analysis methods, technical alterations related to jump performance could not be determined. For instance, Olsson et al. (2008) observed advancements in athletes’ technique despite no increase in jump heights in their study. Although our study’s results align with the absence of an increase in jump heights, the inability of our study to detect sport-specific technical improvements differs. This suggests that while the AOMI intervention may not affect performance directly, it may contribute to learning outcomes in jumping technique. Nonetheless, we did not measure biomechanics in our study to support this notion. In general, the data imply that the sole implementation of AOMI for imagery did not necessarily facilitate performance increase. These findings, consistent with certain studies (Smith et al., 2020), suggest limited performance changes when comparing imagery-only to physical application (Kraeutner et al., 2020).

Moreover, differences in the imagery protocols used, particularly in the content of instructions and mechanical characteristics of exercises, could influence the contradictory outcomes. Although the AOMI protocol outlined detailed movement steps, the absence of prior experience might have affected the performance. Concrete embodiment theories emphasizing the influence of prior experiences on learning processes (Mulder et al., 2004; Olsson and Nyberg, 2010; O’Shea and Moran, 2017; Iacono et al., 2021) and studies demonstrating how imagery builds upon previous physical experiences by modulating brain activation (Kraeutner et al., 2018). In another study by Collet et al. (2011), MI intervention was found to increase the number of maximum repetitions in leg press; however, no significant difference was observed in bench press between groups. Individual factors such as participants’ experience levels in resistance exercises and muscular adaptations might explain this discrepancy. These arguments contribute to our understanding of how previous physical experiences influence imagery and learning processes.

The question of how specific prior experience needs to be to influence imagery arises regarding its effectiveness. Olsson et al. (2008) compared high jump athletes with a control group of novices in an attempt to answer whether effectively imagining a skill previously experienced is feasible. Their study provided evidence that for the mental imagery of a complex skill, individuals need well-established motor representations, which subsequently transform into brain activities shaping motor representations. The findings suggested that imagery training reduced activity in the parietal cortex, resulting in more automatic imagery and a more easily accessible, efficient motor representation during motor performance. Considering the similar effects of observing and imagining movements, the role of physical experience during observation should also be considered. In a study by Aglioti et al. (2008), elite basketball players were compared with expert spectators (former basketball players who had stopped playing) and novices in predicting movement outcomes. The findings indicated that only elite basketball players were successful in predicting outcomes, suggesting that motor representations shaped by specific physical experiences are highly specific. Therefore, merely having prior high-level expertise in a particular task might not suffice for predicting the outcomes of movements; rather, the physical experience needs to be relatively recent. Balser et al. (2014) examined the impact of expertise on brain activation in expert volleyball and tennis players while predicting serve shots in both sports. Results showed that while athletes predicted serves faster in their own sport, neural activation in the observation network was higher in the unfamiliar sport. Additionally, Del Percio et al. (2008) highlighted that experienced athletes exhibited more effective neural cortical activity compared to novices, indicating higher neural focus. Hence, considering the relatively limited prior experience in active and depth jumps among our study participants and the time gap due to the pandemic before the research process, it is presumed that the lack of recent experience might have influenced our study’s outcomes.

In the study, participants were also asked to indicate their perception toward performance during imagery. They were tasked to estimate their performances after two different conditions: engaging in imagery and watching videos. Findings revealed that while participants predicted decreased jump scores, their estimated performance perceptions were higher in AO condition. This outcome is noteworthy, although the results was statistically insignificant. Participants reported a decline in imagery condition over time but noted an improvement in their performance after observing the role model. This indicates that relying solely on imagery might not foster performance necessarily, possibly due to participants struggling initially to clearly follow imagery instructions and control mental images (Holmes and Calmels, 2008). Additionally, there is a recognized limitation in researchers’ ability to monitor participants’ motor images (Wright et al., 2022). However, action observation might facilitate participants in better understanding and controlling their imagery performance (Olsson and Nyberg, 2010). Observation through video feedback enhanced participants’ performance. This suggests that conveying visual information allows participants to associate their kinesthetic sensations with the execution of the movement (Eaves et al., 2016a,b). As video observation is considered a passive process accessing the motor system through the observation of motor actions instead of imagery, this notion aligns with the mirror neuron system (Rizzolatti and Craighero, 2010).

The findings indicate the positive impact of video watching on the effectiveness of imagery in performance. However, uncertainties persist regarding whether subjective awareness serves as a precise mechanism to determine the completion of a movement simulation (O’Shea and Moran, 2017). The performance enhancement observed in video watching following the AOMI intervention provides significant hints on how visual inputs facilitate the improvement of participants’ mental representations and subsequently enhance their performance. Participants’ inclination to improve their performance by utilizing cognitive mental representations rather than directly controlling their movements warrants attention. Research emphasizes the activation of different mechanisms through visual and mental exercises (Kim et al., 2017). For instance, it is proposed that visual inputs could develop mental representations to sequence and time the components of movement execution (Frank et al., 2020). In this context, it is considered that visual inputs offer an advantage to the experimental group in creating relevant motor representations.

Additionally, individuals are reported to observe their own practices to enhance their performance and refine their visual perceptions (Hars and Calmels, 2007). Particularly, the perception of observing others as a means to enhance performance suggests an effective strategy for developing participants’ cognitive abilities. Participants who received AOMI intervention stated an improvement in their performance post-observation rather than during mental imagery, possibly indicating a more effective engagement of cognitive functions during simulation (O’Shea and Moran, 2017). Research suggests that observing movement activates different neural connections compared to motor imagery (Hardwick et al., 2018). According to the motor simulation theory, individuals can mentally construct images related to any motor skill, implying that visual inputs support learning (Jeannerod, 2001). This aligns with MST’s proposition that the restriction of implicit skills (execution of movement) during imagery is a part of the simulation process (Jeannerod, 2004, 2006).

Participants receiving AOMI intervention might have aimed to avoid engaging in the actual execution of movements during imagery rather than seeking performance enhancement. The constriction of movement during MI might reduce the possibility of carrying out the action by imposing limitations on cognitive processing. These constrictive processes are suggested to play a role in guiding motor orientation and inhibiting the execution of motor programs (Richard Ridderinkhof et al., 2011). Bach et al. (2014) discovered that participants found it more challenging to respond to stimuli with the limbs engaged in MI, leading them to respond with other body parts. This supports the close relationship between intentional processes in motor planning and constraining processes, potentially clarifying the results of the study. Furthermore, participants who received AOMI intervention expressing an increase in their performance post-observation might indicate the impact of video observation on their self-efficacy beliefs (Ste-Marie et al., 2012). Observation-based learning is highlighted to influence movement dynamics more than the output of movement, suggesting that those in the AOMI group might have perceived an improvement in their performance based on the role model in the video (Ashford et al., 2006).


Limitations and implications

There are several implications and limitations that should be considered when reading this article. The lack of performance improvement and, in some cases, a decline observed in participants undergoing the 8-week AOMI intervention calls for careful consideration of these results. Anticipating that imagery alone would impact performance might lead to undesirable outcomes. The research also highlighted that AOMI intervention not only influenced performance but also affected perceptions toward performance. While experimental group (EG) participants predicted increased performance after video observation, the control group’s predictions were opposite. This indicates that AOMI over time positively influenced participants’ perceived benefit from the intervention. These outcomes suggest that in sports psychology practices, imagery interventions can be utilized as a tool to influence athletes’ self-efficacy perceptions.

Nonetheless, the study faced limitations that need to be considered in result interpretation. Demographic variations among participants could yield different results, particularly when applied to elite athletes or patient groups. Additionally, the absence of any physical training alongside the AOMI intervention restricts the evaluation to purely imagery-based effects. This study encountered constraints due to restricted access to long-term training routines for participants as there was last remaining effects of pandemic habits. This circumstance should be considered when interpreting results. Furthermore, the low intra-class correlation values imply the need for cautious evaluation of self-report performance predictions. The research highlighted that not all motor imagery programs utilized in practice exert the same level of influence on enhancing performance parameters. However, the specific reasons behind the varying efficacy levels among these programs weren’t extensively explored. Further investigation into the specific elements contributing to program effectiveness could provide a deeper understanding. The findings of the study emphasize the necessity to evaluate AOMI interventions across a broad spectrum of athletes to understand the effectives of it in difference disciplines.

The findings of this study indicate that motor imagery programs may not necessarily show a significant effectiveness in improving performance outcomes. It has been revealed that not every motor imagery program used in practice is equally effective in enhancing performance parameters. Therefore, decisions to choose motor imagery interventions for developing the performance should be based on after careful planning. Additionally, the study suggests that implementing motor imagery along with video observation may have positive effects on shifting participants’ perceptions of their performances. However, it is emphasized that when developing imagery intervention programs, applied psychologists must pay attention to participants’ prior experiences of relevant motor skills. The findings above shows important factors to consider when evaluating the effects of motor imagery programs on performance.
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Introduction: Ice hockey is a high pace sports game that requires players to integrate multiple skills. Players face perceptive, cognitive, and motor tasks concurrently; hence, players are regularly exposed to dual- or multi-task demands. Dual-tasking has been shown to lead to decreased performance in one or both performed tasks. The degree of performance reductions might be modulated by the exhaustion of cognitive resources. Literature on dual-task paradigms that combine sport-relevant elements is scarce. Therefore, a novel paradigm combining cyclical speed of the lower extremities and concurrent visuo-verbal speed reading was tested and validated. Additionally, to understand the nature of dual-task costs, the relationship between these costs and cognitive performance was assessed. We hypothesized occurrence of dual-task costs in all athletes without relationship to single task performance. Differences in dual-task cost were expected between open-skill and closed-skill sports, as well as differing expertise levels. Level of cognitive function was expected to explain some variance in dual-task cost.
Methods: A total of 322 elite athletes (120 ice hockey, 165 other team sports, 37 closed-skill sports) participated in this study. Each athlete performed a tapping task, a visuo-verbal speed-reading task, and both tasks simultaneously. All ice hockey athletes performed additional cognitive tests assessing processing speed, spatial working memory, sustained attention, two choice reaction time, and motor inhibition.
Results: The results of paired-sample t-tests confirmed significant dual-task costs for all sport groups (p < 0.001). Single-task performance and dual-task costs correlated weakly in a positive direction. A one-way ANOVA revealed significantly greater costs in closed-skill sports athletes than in ice hockey and other sports athletes. No significant differences in dual-task costs were found between teams of differing expertise levels. Lastly, no significant regression model was found to predict dual-task costs from cognitive test performance.
Discussion: Our study suggests that this novel dual-task paradigm was successful in inducing dual-task costs for all elite athletes. Since it distinguishes between closed-skill and open-skill sports athletes, it might be a valuable diagnostic tool for performance and for talent development of open-skill athletes. Dual-task costs could not be relevantly predicted via cognitive performance measures, questioning cognitive resource theories as an explanation for dual-task costs.
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1 Introduction

Ice hockey is a high-pace contact sports game in which players perform repeated bouts of high-intensity action. Players are rotated in shifts of 30–80 s over four quarters of 15 min (Burr et al., 2008; Bond et al., 2018; Vigh-Larsen et al., 2019). During the entire game, players are in action on ice for 15–25 min (Roczniok et al., 2016). Players must be physically fast and well-conditioned for a wide range of ice hockey actions, such as cuts, turns, weave agility, decelerations, accelerations, and collisions (Novák et al., 2019). Especially considering the evolution of the game towards increased game speed (Westerlund and Summanen, 2001; Thomas, 2006), there seems to be a striking need for fast players. A nine-year trend study by Bielmann et al. (2022) provides evidence that players are indeed improving their physical speed, at least in their sample of male U18 Swiss national ice hockey players. Moreover, successful performance requires the players to integrate multiple skills from different domains, i.e., locomotion while passing or shooting (Fait et al., 2011). This integration in game-like behaviour has substantial information processing demands, especially on the perceptual and cognitive side (Broadbent et al., 2014).

In the increasingly dynamic field of modern sports, the interplay of physical and cognitive abilities seems to be essential (Ghasemzadeh and Saadat, 2023). For optimal performance, both seem to be intricately connected (Navabinejad and Rostami, 2023). Perceptual-cognitive function and skill are factors associated with superior sport performance (Scharfen and Memmert, 2019). Cognitive performance can be distinguished into domain-specific skills or domain-general functions (Kalén et al., 2021). The “expert performance approach” (Ericsson, 2003) has consistently shown that experts outperform novices on domain-specific tests that require visual scanning, prediction, spatial memory, and decision making (Janelle and Hillman, 2003; Mann et al., 2007). Though domain-specific tests are ecologically valid and can shed some light on differences between athletes of varying expertise levels (Ericsson, 2003), test results are heavily influenced by athletes’ procedural and declarative knowledge (Voss et al., 2010). This makes comparisons across sports hardly possible (Vestberg et al., 2012). The “cognitive component approach” assesses domain-general functions (Voss et al., 2010). Several studies found that players with greater expertise show superior performance in cognitive functions such as processing speed (Chaddock et al., 2011), working memory (Vaughan and Laborde, 2021), hand and foot motor inhibition (Heppe and Zentgraf, 2019), multiple object tracking (MOT) (Qiu et al., 2018), executive functions (Vestberg et al., 2012; Verburgh et al., 2014) and attention (Moratal et al., 2020) compared to less experienced players. Domain-general assessment allows comparisons across different sports (Mann et al., 2007; Voss et al., 2010; Wang et al., 2013; Krenn et al., 2018; Formenti et al., 2021; Koch and Krenn, 2021; Heilmann et al., 2022). According to their cognitive-perceptual demands, sports can be classified into open-skill and closed-skill sports (Wang et al., 2013; Gu et al., 2019; Zhu et al., 2020; Formenti et al., 2021; Koch and Krenn, 2021; Yongtawee et al., 2021; Heilmann et al., 2022). Open-skill sports take place in a dynamic environment, where athletes are externally paced and must constantly adjust to teammates and opponents. Ice hockey would be an example of open-skill sport. Closed-skill sports are more predictable and routine, allowing a greater extent of internal pacing by the participating athletes. Gymnastics is an example of closed-skill sport. In a meta-analysis, Zhu et al. (2020) found that closed-skill sport athletes show inferior performance in executive functions compared to open-skill sport athletes, when looking at cross-sectional studies. Data from interventional studies does, however, not support the advantage of open-skill sport for executive functions (Zhu et al., 2020).

There is little work on cognitive abilities of ice hockey players. In Faubert and Sidebottom (2012) discussed an approach to practice high-level athletes’ perceptual-cognitive skills via a three-dimensional MOT system. Several professional team sport athletes, including players from two National Hockey League (NHL) teams, were part of the sample. All professional players increased their perceptual-cognitive performance in the MOT task with training, with no differences between sports. The position in which players completed the test however seemed to influence the performance. One NHL team, which performed the test standing, performed worse than all other teams tested sitting.

Zhang et al. (2021) investigated the relationship between brain activity and attentional performance in a MOT-test among ice-hockey players. They found that elite players outperformed intermediate players in tracking accuracy and demonstrated higher individual alpha peak frequency, an electroencephalogram variable associated with attention and working memory. Furthermore, Lundgren et al. (2016) compared elite ice hockey players to a standardized sample consisting of 1750 nonclinical individuals ranging in age from 8 to 89 years. They found that the athletes scored significantly higher on design fluency, a measure of executive function from the Delis-Kaplan Executive Function System battery (Baldo et al., 2001; Delis et al., 2001). Additionally, they report a robust correlation between on-ice performance and trail making test scores, however, no differences between higher-and lower-league players were found. Lastly, James (2023) investigated the differences in executive functions between different divisions of Swedish ice hockey players. Coherent with Lundgren et al. (2016), no differences between divisions were found for inhibition and updating. Unexpectedly, shifting favoured lower division athletes. In general, more research on cognitive abilities of ice hockey athletes is needed.

Since team sport athletes in general face motor and perceptual-cognitive demands simultaneously, they are regularly exposed to dual-or multitasking scenarios (Moreira et al., 2021). Multitasking can be defined as the timely overlap of cognitive and motor processes when performing two (or more) tasks (Koch et al., 2018). This is typically accompanied by a decrease in performance of one or more tasks (dual−/multi-task cost) (Beurskens et al., 2015, 2016a,b; Plummer et al., 2015; Belghali et al., 2017; Solomito et al., 2018). In their review, Moreira et al. (2021) found that despite regularly being exposed to time-constrained situations and multitasking, athletes showed acute motor and cognitive performance costs in dual-task (DT) situations. In one of the included studies, Qiu et al. (2018) investigated the effect of varying expertise levels of basketball players on MOT task performance and found that experts demonstrated better performance than amateurs, who in turn performed better than novices. These results are in line with the results of Amico and Schaefer (2022) who found that experts outperformed intermediate tennis players. This suggests that superior DT performance can be an indicator of skill level in open-skill sports. Regarding the aetiology of performance costs, Moreira et al. (2021) discuss that high working memory capacity could be a resource that enables superior DT performance. Additionally, Fleddermann et al. (2019) found that chronic DT exposure leads to improvements in measures of processing speed and sustained attention. Casella et al. (2022) also reported improvement in all measures of cognitive functioning and attention capacity after performing 10 weeks of cognitive-motor DT training in young soccer players. This highlights a possible relationship between cognitive abilities and executive functions and DT performance, yet the direction of impact is unclear.

In social and cognitive psychology, a lot of research has been performed on the topic of dual−/multi-tasking and plenty of theories try to explain the underlying processes (Koch et al., 2018). Early studies conceptualize information processing as structurally limited to a “single channel” (Broadbent, 1958). According to this view, it is not possible for two channels to be processed simultaneously. This processing bottleneck, all-or-nothing perspective or attention “filter” requires fast channel switching in a DT setting (Lachter et al., 2004). This account specifically relates to early processing steps of perception (Broadbent, 1958). According to Kahneman (1973), DT costs (DTC) can be ascribed to the division of attention, which he theorized to be a limited central processing resource. This division of attention concept fits nicely to the concept of graded sharing of a central resource, postulated by Pashler (1998). Pashler (1994) further states there is no central bottleneck on the perceptual level, but rather in response selection. Current evidence that shows shared coding processes of perception and action opposes this view and questions the sequential nature of information processing (Fischer and Plessow, 2015). However, the assumption of sequential information processing, especially with the locus-of-slack-logic seems to be a useful heuristic that advanced research in the area (Koch et al., 2018). Fischer and Plessow (2015) describe the response selection bottleneck as context-sensitive, optimizing for performance. Presumably, multitasking requires maintenance of a balance between minimizing between-task interference, by serial task processing, and minimizing mental effort, by allowing for more parallel processing. Navon (1984) advanced the concept of a central resource and stated that there is not one, but multiple, domain-specific resources. Wickens (2008) proposes a multiple resource theory with four dimensions: (1) stages of processing distinguish between perceptual and cognitive tasks and selection and execution of action. (2) codes of processing differentiate between spatial activity and verbal/linguistic activity. This dimension is expressed in perception, working memory and action. (3) modalities (of perception), recognizes different resources for auditory and visual perception. (4) visual channels indicate a difference between focal and ambient vision within visual resources. If two tasks draw from distinct resources, less performance losses are to be expected. Assuming a domain-general resource that is shared by all tasks, at least one of the tasks must suffer from decreased performance when they overlap temporally. Several studies seem to confirm that when a visual-manual and an auditory-vocal ask are performed concurrently, there are smaller costs than when an auditory-vocal and auditory-manual task are performed at the same time (Hazeltine et al., 2006; Stelzel et al., 2006; Göthe et al., 2016). These findings are in line with Wickens (2008) since the latter combination of tasks should produce overlap in the perceptual-auditory resource.

Wollesen et al. (2022) discuss an increase in DT efficiency through greater task automatization as a possible adaptation to DT exposure. Hence, it may be important to test cognitive-motor interference in paradigms that are similar and specific to the sport, regarding both motor and cognitive demands. However, only five of the studies included in the review of Moreira et al. (2021) had a sport-specific paradigm (Helm et al., 2016; Gutiérrez-Davila et al., 2017; Fleddermann et al., 2019; Laurin and Finez, 2020; Schaefer and Scornaienchi, 2020). One very important physical feature that is recurring in many team sports is rapid locomotion, i.e., speed of movement (Brown and Ferrigno, 2015). Hence, it could be promising to examine DT performance with a motor task focusing on speed. The lower-body tapping task has been employed to assess cyclical speed of athletes (Chaabouni et al., 2022) and might be an option as an easily implemented and sufficiently specific motor task for team sports. On the cognitive side, next to perception, communication seems to be a crucial aspect of sports (Ishak, 2017). Especially verbal communication seems to be important to give teammates increased opportunity to notice and act upon events in the complex, fast-paced, highly contingent environment of actual play (LeCouteur and Feo, 2011). Players must quickly recognize observed scenarios and verbalize them to teammates to aid in his/her own perception.

In summary, ice hockey, like other team sports, has high cognitive and motor demands, which occur simultaneously in a match. Concurrent cognitive and motor tasks usually result in performance decrements or cognitive-motor interference. Superior ability to handle these kinds of scenarios might distinguish experts from less skilled players. Nevertheless, empirical findings show that even elite athletes demonstrate decreased performance under DT scenarios. Possible explanations for this phenomenon might be underlying cognitive resources, lacking automatization of motor skill or an interference between the representations engaged by central operations. Research on DT paradigms focusing on speed in athletes is lacking, hence a novel paradigm involving a lower-body tapping task and visuo-verbal speed-reading task is proposed.

The aim of this study is to (1) test a new DT paradigm focusing on cyclical speed of the lower extremities and concurrent visuo-verbal speed reading in ice hockey players, (2) check if DTC arise independently of ST performance, (3) validate it against other open-skill and closed-skill sports (4) compare performance between different teams/age groups, (5) assess the relationship between DT performance and cognitive functions, to potentially identify underlying resources. The working hypotheses of this study are (1) the employed paradigm will be demanding enough to provoke significant performance costs in elite ice hockey players and other elite athletes, (2) DTC will not be correlated to ST performance, (3) there will be no differences in DTC between ice hockey players and other open-skill sports athletes, but closed-skill sports athletes will display significantly greater costs than both groups, (4) more experienced players will display less DTC than less experienced (men’s U20 < men’s U18 & women’s first team < women’s U18), (5) if DTC rely on cognitive resources, there should be a relationship between measures of cognitive functions and DTC.



2 Materials and methods


2.1 Subjects

The data was gathered during two projects by the German Federal Institute for Sport Science. Testing of the athletes ensued in the context of extensive performance diagnostics, which was performed during German national team training camps (with the exemption of the handball players). A total of 322 elite athletes participated. All confirmed mental and physical readiness and signed a consent form before participating. Only athletes with healthy vision or correction (glasses or contact lenses) were allowed to participate. One-hundred and twenty ice hockey athletes of the German national team (w = 40, m = 79), aged 18.66 ± 3.91 years, participated. Players were part of women’s A (first) team (n = 18), women’s U18 (n = 22), men’s U20 (n = 36) and men’s U18 (n = 44). Furthermore, 165 elite team sport athletes were part of the performance diagnostics. Seventy-one were volleyball athletes of the German national team (w = 32, m = 39), aged 20.02 ± 5.02 years, 68 were basketball athletes of the German 3 × 3 and 5 versus 5 national team (w = 29, m = 39), with an average age of 21.67 ± 4.66 years, 15 were male handball players of the highest German league, aged 22.67 ± 3.16 years and 12 (w = 5, m = 7) were table tennis players from the German national team, aged 28.10 ± 6.51 years. Lastly, 37 athletes from closed sports took part. Eleven were modern pentathletes from the German national team (w = 9, m = 2), aged 23.78 ± 5.53 years, and 28 were trampoline gymnasts from the German national team (w = 12, m = 14), aged 18.58 ± 4.18 years.



2.2 Procedure

All participants performed the following DT paradigm, which consisted of a motor single task (ST), cognitive ST, and a DT, which combined both ST. All subjects started with the motor ST, proceeded with the cognitive ST and finished with both at the same time as the DT. The experimental setup is illustrated in Figure 1. Cognitive tests were performed prior to DT testing.

[image: Illustration of a person standing on a mat, positioned 100 centimeters in front of a television on a stand. The television is 133 centimeters high, displaying a cross symbol.]

FIGURE 1
 The experimental setup of the dual-task test paradigm.




2.3 Motor task

For the motor ST, tapping performance was measured via a contact mat (Sport Voss©). Subjects were instructed to alternately tap with the left and right leg onto the device as many times as possible, over a duration of 5 s. The test was started with an acoustic countdown and ended with final acoustic signal. Subjects started out of a standardized position with both feet on the mat with the knees slightly bent in a slight forward-leaning position. The arms were in front of the body and kept in position. The main parameter used was the maximal frequency (in Hz) of tapping, which was calculated as the highest frequency within 1 s at any time point. During the execution of the motor task, subjects were asked to keep the gaze on a cross (“+”) at a screen in front of them. The screen (Samsung, SyncMaster 2,494 HS, Suwon, South Korea) was positioned 100 cm in front of the contact mat at a height of 133 cm. This visual fixation was chosen to control the focus of visual attention across the ST and DT conditions. After performing a test trial, subjects performed two trials and an additional third if the discrepancy between trials was greater than 10%.



2.4 Cognitive task

For the cognitive ST, subjects were instructed to stand on top of the contact mat in the same position as during the motor task. The acoustic start signal remained the same as in the motor task. Simultaneously to the start signal, subjects were presented with a honeycomb structure on the screen in front of them (Figure 2). Six rows with ten to eleven combs (a total of 63 combs) were presented. Every comb had a number between one and nine. Twenty-eight combs were colored in blue and the remaining in red. The stimuli were created and presented via Power Point (Microsoft, Washington, United States). Subjects had to read all numbers in blue combs as fast as possible, from left to right, top to bottom. Measurement stopped after all numbers were read. To ensure that subjects performed the cognitive task, the verbal answers were recorded using a recording mobile app. Reading time (in seconds) as well as errors were evaluated afterwards. Following a practice trial, subjects performed two trials.

[image: Hexagonal grid with numbers inside each cell. Cells are colored red and blue. Numbers vary, with examples like zero, two, seven, three, six, and five. The grid is organized in rows and columns.]

FIGURE 2
 Exemplary visual speed-reading stimuli.




2.5 Dual-task

In the DT condition, both tasks were performed simultaneously. The measurement started with the same acoustic signal as the ST. Subjects were instructed to tap as fast as possible while reading as fast and accurate as possible. They were explicitly told that both tasks were of the same importance, to minimize prioritization of any task. In contrast to the single motor task, tapping was not ended with an acoustic signal, but continued until all numbers were read. After performing a test trial, subjects performed two trials and an additional third if the discrepancy between trials was greater than 10% for the motor performance. Additionally, motor DTC was calculated as the difference between DT and ST performance.



2.6 Cognitive testing

Processing speed, sustained attention, spatial working memory, and motor inhibition performance was measured. Processing speed was assessed by the “Zahlen-Verbindungs-Test” (ZVT) (Oswald and Roth, 1987). In this paper-and-pencil test, participants must connect as many numbers as possible from 1 to 90 in the correct order within a time frame of 30 s. Overall, the test consisted of four test sheets. The dependent variable was the arithmetic mean of the accomplished items in the four sheets. The more numbers were connected correctly, the better the performance. The test was performed in the group test version according to the test manual (Oswald, 2016). The test has been shown to be a useful test with sufficient test reliability and validity (Rost and Hanses, 1993).

Sustained attention was measured by the d2-R test (Brickenkamp et al., 2010). This paper-and-pencil test measures attention and concentration ability under time pressure. The test consists of 14 lines with 47 characters per line with a randomized order of the letters “d” and “p.” Each letter is equipped with one, two, three, or four vertical stripes below or above the letter. The task of the participants is to mark the letter “d” with two stripes. All other characters are distractors, and participants are supposed to ignore these characters. For each line, participants have 20 s, and there is no break between the lines. The dependent variable is concentration performance (CP), which is calculated from the processed target objects and the errors. The higher the score, the better the performance. The test execution was performed in accordance with the test manual (Brickenkamp et al., 2010). Quality criteria for the d2-R test have been shown to be to be sufficiently met (Antretter et al., 2013).

Spatial working memory was measured using the forward and backward Corsi block test (CBT) (Schellig, 2011). This test has been established as a measure of spatial memory in both clinical and research contexts for several decades (Farrell Pagulayan et al., 2006). Testing ensued in isolation, individually on a laptop (Lenovo ThinkPad L460, Hongkong) using a CBT script, programmed on PsyToolkit (Stoet, 2010, 2017), supervised by a researcher. In the forward CBT, the participants are presented with nine pink, irregularly positioned blocks on a black screen. At the beginning of the test, two of these blocks light up yellow in a specific order. The participant must remember and replicate this order, i.e., the first item must be clicked first and the last item last. If the order is clicked correctly, the number of boxes lighting up increases by one. If the order is clicked incorrectly, the same number of boxes lights up. The test ends once the order is clicked incorrectly two consecutive times. In case the participant correctly clicks all nine boxes, the test also ends. The procedure for the backward CBT was the same as for the forward CBT, but the participants must remember the order and replicate it in reverse, i.e., the last presented item must be clicked first and the last presented item must be clicked first. Average number of correctly clicked items was recorded as outcome measure. Arce and McMullen (2021) evaluated the differences between physical and digital CBT and conclude that “most evidence today suggests that they are comparable.

Motor inhibition was measured using the stop signal reaction time (SSRT) test developed by Verbruggen and Logan (2008) with the modifications first introduced by Heppe and Zentgraf (2019). Participants were faced with a go-and a stop-condition, which they completed with hands only. The go-condition was employed to determine the choice reaction time. Participants are confronted with white arrows (left or right) and must press a pad with the corresponding hand. In 25% of the trials, the stop-condition is presented. In this condition, the white arrow turns blue after a variable stop signal delay (SSD) and the participants must inhibit the planned motor response. Stimuli are presented until an answer (press on the pad) is given. An adaptive staircase procedure is used for SSD to increase or decrease the task difficulty, around the individual threshold, and produce an inhibition success rate of about 50%. This entailed a decrease of SSD if an inhibition was successful and an increase of SSD if an inhibition was failed. To measure response inhibition an integration method was used (Heppe and Zentgraf, 2019). Two-choice reaction time (2CRT) was measured in the process of determining SSRT and included as another dependent variable. The test was performed in isolation, supervised by a researcher.



2.7 Statistical analysis

Data is reported in M ± SD. DTC were calculated as the difference between DT performance and ST performance. For statistical analysis SPSS Statistics Version 26 (IBM Corporation, Armonk, United States) was used. The level of significance was set at p < 0.05. The difference between ST and DT was assessed via paired sample t-tests to investigate the effect of performing both tasks simultaneously. In order to rule out a direct relationship between ST performance and DTC, a Pearson’s correlation was performed. To investigate relationship between sport type and DTC, group differences in DTC were explored with a one-way ANOVA for sport type (ice hockey, open-skill sports and closed-skill). A one-way ANOVA for national team (women’s first team, women’s U18, men’s U20, men’s U18) was performed to assess the differences between varying expertise levels and DTC. ƞ2 was used as a measure of effect size. A multiple linear regression was calculated to investigate the relationship between the dependent variable DTC and the independent variables ZVT raw value, d2-R concentration performance, CBT span forward, CBT span backward, SSRT and 2CRT, in ice hockey athletes.




3 Results


3.1 Descriptive

The mean ST performance was 12.51 Hz ± 1.27 for the ice hockey athletes, 11.85 Hz ± 1.04 for the other open-skill sports athletes and 10.58 Hz ± 1.17 for closed-skill sports athletes. The mean DT performance was 11.00 Hz ± 1.39 for the ice hockey athletes, 10.57 Hz ± 1.36 for the other open-skill sports athletes and 8.53 Hz ± 1.38 for closed-skill sports athletes. This resulted in DTC of 1.51 Hz ± 1.01 [−0.82, 4.61] for ice hockey athletes, 1.30 Hz ± 0.94 [−0.77, 5.35] for the other open-skill sport athletes and 2.05 Hz ± 1.11 [0.06, 4.59] for closed-skill sport athletes. Individual ST and DT performance for ice hockey, open-skill and closed-skill sport athletes are depicted in Figure 3.
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FIGURE 3
 Overview of the ST and DT performance of ice hockey, open-skill and closed-skill sport athletes.




3.2 ST and DTC

The Shapiro–Wilk’s test revealed normal distributions for ST and DT performance of all groups, ice hockey ST (W = 0.988, p = 0.408) & DT (W = 0.990, p = 0.503), open-skill sports ST (W = 0.994, p = 0.728) & DT (W = 0.994, p = 0.782) and closed-skill sports ST (W = 0.969, p = 0.377) & DT (W = 0.982, p = 790). Paired sample t-tests revealed a significantly lower performance in the DT condition for ice hockey t(119) = 16,367, p < 0.001, open-skill sports t(165) = 17.897, p < 0.001, and closed-skill sports t(36) = 11,223, p < 0.001. The Shapiro Wilk’s test indicated a normal distribution for ST performance (W = 0.988, p = 0.408) and DTC (W = 0.984, p = 0.153). ST and DTC were found to be significantly positively correlated r(120) = 0.273, p = 0.003.



3.3 DTC and sport types

Figure 4 illustrates the difference in DTC between sport types. The Shapiro Wilk’s test confirmed normality of the data for DTC in ice hockey players (W = 0.984, p = 0.153), other open-skill sports athletes (W = 0.99, p = 0.296) and closed-skill sports athletes (W = 0.958, p = 0.170). Homogeneity of variance was confirmed, as assessed by Levene’s test for equality of variances (p = 0.443). A box plot indicated one outlier, which was checked, but kept in the data because it was a genuine value. The test revealed statistically significant differences in DTC between groups, F(2, 319) = 10.064, p < 0.001. There was no statistically significant difference between ice hockey and open-skill sports (p = 0.111). However, there was a mean decrease of 0.54 Hz, 95% CI [0.05, 1.03] in DTC from closed-skill sports (2.05 ± 1.11 Hz) to ice hockey (1.51 ± 1.01 Hz), which was statistically significant (p = 0.009). A comparison of closed-skill sports to open-skill sports (1.28 ± 0.89 Hz) showed a mean decrease in DTC of 0.77 Hz 95% CI [0.30, 1.25], which was also statistically significant (p < 0.001).

[image: Violin plot showing dual task cost in Hertz for three categories: Ice hockey (red), open-skill sport (blue), and closed-skill sport (yellow). Each plot includes a box plot inside, with scattered data points showing distribution.]

FIGURE 4
 Comparison of dual-task costs between ice hockey, open-skill and closed-skill sports.




3.4 DTC and expertise

Figure 5 depicts the difference in DTC between expertise levels. A Shapiro Wilk’s test confirmed normality of the data for DTC in men’s U20 (W = 0.975, p = 0.593), men’s U18 (W = 0.96, p = 0.1,27), women’s first team (W = 0.957, p = 0.54) and women’s U18 (W = 0.961, p = 0.502). Homogeneity of variance was confirmed, as assessed by Levene’s test for equality of variances (p = 0.906). A box plot indicated one outlier, which was checked, but kept in the data because it was a genuine value. The test did not indicate statistically significant differences between groups, F(3,116) = 1.034, p = 0.608.
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FIGURE 5
 Comparison of dual task costs between ice hockey national teams.




3.5 DTC and cognitive parameters

For the regression, independence of residuals was established, as assessed by a Durbin-Watson statistic of 2.046. Homoscedasticity was confirmed by visual inspection of a plot of regression standardized residuals versus dependent variable and VIF values indicated no multicollinearity. Results of the regression model are depicted in Table 1.



TABLE 1 Multiple regression model for dual-task cost and cognitive performance.
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4 Discussion

The first aim of this study was to test a novel, open-skill sport-specific DT paradigm focusing on cyclical speed of the lower extremities and concurrent visuo-verbal speed-reading task in elite athletes of diverse sporting backgrounds. Three groups were distinguished in the analysis: ice hockey, other open-skill, closed-skill sport. Consistent with the results of Moreira et al. (2021), we expected all athletes to experience DTC in the paradigm. The results show significant decreases in performance from ST to DT in all three groups. The wide range in DTC highlights the heterogenous response to the DT condition. Some athletes’ performance was unaffected, whereas others displayed great performance decrements. The data seems to support that the paradigm was able to induce significant DTC, hence the first hypothesis can be confirmed. These results are in line with the review of Moreira et al. (2021), who also reported acute performance decreases under DT conditions. In one of the included studies, Fleddermann et al. (2019) employed two volleyball-specific DT tests (low and high cognitive complexity) paired with 3D-MOT. In the low-complexity task, athletes performed maximal block jumps either to the left or right, reacting to a volleyball-specific static picture. The high-complexity task also entailed maximal block jumps either to the left or right, but triggered by a volleyball-specific video, which was presented on a screen in front of the net. Results confirmed that both additional tasks induced performance decrements. Performance in the high-complexity task was worse than in the low-complexity task. It is remarkable that even most elite athletes display significant DTC in a paradigm that entails game relevant tasks, like cyclical speed of the lower body, visual perception, and verbal communication. It seems likely that athletes who display costs in this paradigm, also suffer from cognitive-motor interference in game scenarios. This might manifest in decreased speed of movement, miscommunication, or lack of communication, when cognitive and motor demands occur in parallel. Consequently, identifying the underlying causes and addressing possible weaknesses might be a promising venture to tap performance reserves.

Secondly, we wanted to check if there was a relationship between DTC and ST performance. If the DTC and ST performance were strongly correlated, one could simply discard testing of DTC and keep focus on the development of ST. However, there could be a link between both through task prioritization. Despite being instructed to not prioritize one task over the other, athletes tend to give greater priority to the motor task. Nevertheless, we expected no correlation between DTC and ST. The data analysis showed a weak positive correlation between DTC and ST. Consequently, the second hypothesis cannot be completely verified. Despite this result, we do assume sufficient independence of DTC and ST for DTC to be an important parameter to assess in athletes.

Validation of the new DT paradigm against other open-skill and closed-skill sports was the third aim of the study. Due to greater exposure to DT scenarios and the existing literature on perceptual/cognitive expertise in sports (Mann et al., 2007; Voss et al., 2010; Zhu et al., 2020), we expected differences between open-skill and closed-skill sport. Since ice hockey is an open-skill sport, differences were only expected in comparison to closed-skill sport. Furthermore, older athletes have been exposed to DT scenarios more often than younger players, hence they should show smaller performance decrements. DTC were highest in closed-skill sport, second highest in ice hockey athletes and lowest in other open-skill sports. The difference in DTC between ice hockey and open-skill sports was not significant. However, DTC in closed-skill sports were significantly higher than in ice hockey and open-skill sport athletes, respectively. Since ST performance was better in ice hockey and other open-skill sport athletes than in closed-skill sport athletes, this is even more striking. Therefore, the data seems to verify the second hypothesis. These results make it plausible, that the ability to deal with this DT situation has relevance for ice hockey and open-skill sport performance in general. These findings are in line with the work of Schaefer and Scornaienchi (2020). They compared the performance of expert and novice table tennis players in a DT paradigm entailing returning balls from a ball machine and concurrently completing a working memory task (3-back task). The researchers found that in experts, performance reduction under DT conditions was less pronounced than in novices.

The fourth aim of the study was the comparison of DTC between teams regarding the influence of age on DTC. Due the results of Moreira et al. (2021) and the assumption that older athletes should have had greater exposure to DT scenarios, we expected the women’s first team to show less DTC than the women’s U18 and the men’s U20 to show less DTC than the men’s U18. The results showed no significant differences between teams; hence the fourth hypothesis cannot be confirmed. This begs the question if greater ability to handle DT is a valid marker for superior performance in ice hockey. One possible explanation for this might be that exposure to general ice hockey training develops DT ability to a certain level, that is reached with the U18 age category or prior. Specific cognitive-motor DT training might still be able to develop this ability further. Another possibility might be that a better ability to handle DT scenarios is a selection criterion for higher performance in ice hockey that is not causally linked to DT exposure. In this case, it could be an interesting tool for early talent identification. This result is, however, limited by the fact that no direct measure of exposure to DT scenarios, like training age, was taken.

The last aim of the study was to assess the relationship between DT performance and cognitive functions to potentially identify underlying resources. Based on the resource account of Wickens (2008) as well as the studies of Casella et al. (2022), Fleddermann et al. (2019) and Moreira et al. (2021), we expected that DTC performance would rely on cognitive performance. However, no significant regression model was found that was able to predict DTC based on the cognitive performances in the ZVT, d2-R, CBT forward and backward, 2CRT and SSRT. Accordingly, the fifth hypothesis must be discarded. These results conflict with the suggestion of Moreira et al. (2021), that “individuals with high working memory capacity could optimize attentional resources for solving cognitive task while performing the motor task” and the empirical work of Fleddermann et al. (2019), who found increased performance in the processing speed and sustained attention through DT training. The authors suggested processing speed (assessed through ZVT) and sustained attention (assessed through d2-R) as an underlying resource. However, they also found no effect on memory span and letter readout. Laurin and Finez (2020) examined the interaction of working memory capacity and different cognitive tasks paired with juggling in soccer. The tasks varied in cognitive load, to test if higher working memory capacity would allow better DT performance with secondary tasks of greater difficulty. Strikingly, they found that higher working memory capacity did not appear to be beneficial but detrimental to performance under DT situations of higher complexity. Casella et al. (2022) also found improvements in cognitive performance through cognitive-motor training, but in more complex tests, the Tower of London and WISC-IV cancellation test. These tests assess more complex constructs, like planning abilities and visual search abilities, and not simply cognitive functions. Kalén et al. (2021) differentiate the cognitive constructs (1) basic cognitive functions, (2) higher cognitive functions and (3) cognitive decision-making skills and find that the latter were better at differentiating between higher-and lower skilled athletes. The authors state that “whether the advantage of specific measures for discriminating expertise levels reflects a higher level of sensitivity, a better fit of the functions and skills needed for the task, or a reflection of the combination of selection and training processes is unclear.” Scharfen and Memmert (2019) also found greater differences for cognitive skills in comparison to executive functions in elite athlete. This suggests that cognitive performance in sports, and possibly DT performance, are too complex and specific for basic or higher cognitive functions to explain great variance.

An alternative explanation for the differences in DTC might be the automatization of the employed tasks. Besides an increased capacity or resource, higher efficiency through greater degree of automatization might be an alternative adaptation to dual−/multi-tasking demands. This account assumes that processing evolves to a task-specific processing pipeline, decreasing the need for central resources (Wollesen et al., 2022). Langhanns and Müller (2018) discuss evidence for two motor regimes for repetitive movements, an automatic and a cognitively controlled regime. When a secondary cognitive task is performed simultaneously, cognitive control seems to be negatively affected, hence less automaticity could lead to greater DTC. On the one hand, this might explain the superiority of ice hockey and other open-skill sports in comparison to closed-skill sports, since the latter does not involve running, which has great similarities to the tapping task. On the other hand, there might be different levels of tapping and speed-reading automaticity within the sample of ice hockey players that could have affected the vulnerability to DTC.

This study is a valuable addition to the DT literature as it encompasses a great sample of elite athletes across multiple sports. The unique DT paradigm has enough specificity to discriminate between open-skill and closed-skill sports, but still allows assessment of a diverse spectrum of open-skill sports, that entail cyclical speed of the lower body and a concurrent visuo-verbal information processing. A limitation of this study is that only motor ST, DT and DTC were collected. This way, varying degrees of task prioritization between motor and cognitive task could not be registered. Additionally, the degree of specificity chosen to enable comparison across multiple open-skill sports, might have compromised the ability to discriminate differing ice hockey expertise levels. Lastly, athletes’ psychological state or external factors, e.g., time of testing, might be factors of influence that we were not able to control.



5 Conclusion

This study established the efficacy of a novel DT paradigm entailing cyclical speed of the lower body and a concurrent visuo-verbal speed-reading task in inducing DTC in a diverse array of elite athletes. DTC and ST seem to be sufficiently independent for relevancy of testing DT. The performance in this DT paradigm seems to be able to distinguish between open-skill and closed-skill sport. No differences between national teams/age groups were found. There was no relationship between DT performance and cognitive functions. From a talent identification standpoint, assessing the ability of athletes to deal with cognitive-motor interference might be a valuable addition to a performance diagnostics battery in open-skill sports. From a development perspective, athletes that display good performance in conventional speed tests like sprinting, change of direction or jumping, but still seem to lack speed in game, might benefit from testing DT ability to tap into performance reserves.

Future research should investigate DT ability of athletes over a broader age range, including cognitive ST-, DT-performance and DTC. Furthermore, specific cognitive-motor DT training might be able to develop DT ability further and should be the focus of further scientific investigations. More specific DT paradigms should be employed to better assess the relationship between expertise levels and DT ability.
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Anticipation is key to performance in many sports. By definition, anticipation as a perceptual-cognitive process is meant to inform action and help athletes reduce potential motor costs under spatiotemporal pressure. Anticipation research has repeatedly been criticized for neglecting action and raised the need for predominant testing under conditions of perception-action coupling (PAC). To the best of our knowledge, however, there is a lack of explicit criteria to characterize and define PAC conditions. This can lead to blurred terminology and may complicate interpretation and comparability of PAC conditions and results across studies. Here, we make a first proposal for a 7-level classification of PAC conditions with the defining dimensions of stimulus presentation and response mode. We hope this classification may constitute a helpful orientation for study planning and reporting in research on anticipation. Further, we illustrate the potential utilization of the PAC classification as a template for experimental protocol analysis in a review on anticipation in racket sports. Analysis of N = 115 studies reported in N = 91 articles confirms an underrepresentation of representative PAC conditions and reveals little change in PAC approaches over more than 40 years of research in that domain. We discuss potential reasons for these findings, the benefits of adopting the proposed PAC classification and reiterate the call for more action in anticipation research.
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1 Introduction

In many sporting contexts, athletes’ performance depends on their skill to accurately foresee what is likely to happen in the next moment. In the sports science literature, that skill is traditionally referred to as anticipation (Abernethy, 1987; Loffing and Cañal-Bruland, 2017).1 Specifically, anticipation is understood as the perceptual-cognitive process of predicting near future events (e.g., an opposing tennis player’s type and direction of serve) to enable optimal temporal and spatial alignment of one’s own actions with these events (e.g., return of serve). Hence, anticipation is meant to guide an athlete’s action. In view of this working definition of anticipation, scientists in the field frequently point out that research on anticipation needs representative testing environments that preserve the naturally occurring coupling between perception and action to draw conclusions on anticipation in the “real world” situation targeted in the investigation. More than 15 years back, for example, a focused debate emerged on the need for perception-action coupling (PAC) in sport-related anticipation research in a special issue of the International Journal of Sport Psychology. In their target article, van der Kamp et al. (2008) adopted an ecological approach and argued that in order to depict how athletes anticipate actions on field, perception and action need to be linked in a representative way. Similarly, Crognier and Féry (2007) conducted a review on anticipation research in tennis and criticized the broad use of experimental methods that separate the natural coupling of perception and action (also see Dicks et al., 2009). Until then, experimental approaches that evoke comparatively artificial PAC such as verbal or button responses to video stimuli in the lab were vastly employed ‘by tradition’ in sport-related anticipation research (Farrow and Abernethy, 2003). These approaches may come with certain benefits, such as better controllability of the testing environment, tasks, manipulation of independent and measurement of dependent variables as well as potential confounders which ultimately strengthen an experiment’s internal validity. Additionally, feasibility of data collection in terms of cost, space and time efficiency might lead to a tendency to favorite comparatively artificial over more representative experimental designs. However, the experimental design of a study and its associated degree of representative2 PAC influence the conclusions for research and practice scientists can infer toward real-world human behavior (Maselli et al., 2023; Raab et al., 2023). In this regard, the dominance of experimental approaches with little representative PAC in combination with an inconsistent description of PAC conditions potentially limits or even misleads our understanding of the sensorimotor processes underlying anticipation during sport-specific action and the expert advantage associated with it (for critical discussion, e.g., see Abernethy et al., 1993; van der Kamp et al., 2008; Dicks et al., 2009; Navia et al., 2018; Araújo et al., 2019).

Theories from ecological psychology propose a close bidirectional link between perception and action during movement execution. According to the ecological dynamics perspective (Araújo et al., 2006), there is continuous, ever evolving interaction between the environment, the actor and the task. This interaction produces affordances, that is opportunities for action, an actor can perceive and act upon. Experienced, in comparison to less experienced performers, are more attuned to relevant information and thereof evolving functional affordances which ultimately results in expertise-differences in anticipation and decision-making. However, the perspective argues that for real world (expertise in) anticipation and decision-making, actors need the possibility to perceive and act upon representative affordances (Travassos et al., 2017). The theories find support in sport scientific research investigating the influence of different PAC degrees on anticipation which indicate differences in anticipation and expertise effects depending on the experimental design and consequent PAC degrees used in studies (Farrow and Abernethy, 2003 in tennis; Ranganathan and Carlton, 2007 in baseball; Mann et al., 2010 in cricket; Huesmann et al., 2022 in handball). Beyond the ecological approach, other theoretical accounts also assume a close connection between perception and action, however, often with specific focus on particular aspects such as action observation, planning, initiation and execution (for an overview and systematization, e.g., see Gentsch et al., 2016).

Irrespective of the theoretical lens a study is specifically motivated by, the balanced discussion of results obtained from anticipation research and their associated potential implications (e.g., for practitioners) requires that researchers are able to describe and readers are able to understand, among others, the degree of PAC realized in a study. Two intertwined issues arise in this regard. First, to the best of our knowledge, there is a lack of explicit criteria to characterize and define PAC conditions. Second, the terms used for labeling the conditions under which participants are required to anticipate are frequently used inconsistently across studies. For example, Farrow and Abernethy (2003) asked participants to return a tennis serve in-situ and differentiated between two PAC conditions (uncoupled: verbal response; coupled: hit successful return stroke). Shim et al. (2005, Exp. 1), in turn, asked their participants to perform time-coupled on-court actions in response to tennis ground strokes presented either as point-light display, normal video (life-size screen projection) or a real opponent. The authors referred to all experimental conditions as perception-action coupled tasks without differentiating based on stimulus presentation. As another example, Ranganathan and Carlton (2007) used a virtual batting environment to study the effect of PAC by comparing batters’ performance when giving an uncoupled verbal response as opposed to swinging a baseball bat against the virtual ball. The latter condition was considered coupled although realistic ball interception was not required. Collectively, without criticizing previous works’ empirical merit, the former examples illustrate that different methodologies may underly the same label of PAC, whereas similar methodologies may underly different labels of PAC. Altogether, this potentially complicates interpretation and comparability of PAC conditions and results across studies.

Here we aim to take a first step toward a standardized PAC classification for anticipation research. Specifically, in the following section we propose a set of criteria to characterize different response modes in combination with different types of stimulus presentation for PAC classification. We then use this classification to exemplarily review the PAC conditions applied in research on anticipation in racket sports as a follow-up and extension to the overview provided by Crognier and Féry (2007) to illustrate the prevalence and temporal evolution of PAC approaches in that particular domain.



2 Perception-action coupling classification

Different levels of PAC have previously been defined based on the variation of participants’ response mode (Farrow and Abernethy, 2003; Farrow et al., 2005; Mann et al., 2010). We agree that this is the primary dimension along which PAC levels should be differentiated. However, we suggest that stimulus presentation should be added as a second dimension to allow more fine-grained differentiation of PAC levels (cf. Table 2 in Crognier and Féry, 2007, for a similar way to differentiate experimental protocols in anticipation research). This specifically applies to methodological approaches requiring a realistic (i.e., sport-specific), full-body movement either in response to videos or virtual reality as opposed to an in-situ condition against a real opponent. In the former situation, full coupling of a motor response to the stimulus display is not possible due to the missing opportunity for real interception, whereas in the latter case, interception is possible and participants may be specifically instructed to act accordingly (Farrow and Abernethy, 2003; Shim et al., 2005; Dicks et al., 2010). Further, consideration of stimulus presentation helps reduce the sole impact of response mode. We argue that requiring participants to act does not constitute a stronger case for PAC per se compared to when participants are not required to act but to, for example, make a verbal response. Specifically, this applies to situations when participants are confronted with still images as these do not provide a continuous flow of visual information participants’ action might be coupled with (in contrast to, e.g., video or in-situ).

The classification we propose differentiates between seven levels of PAC (see Figure 1A; Table 1). The lowest (PAC 0) and highest level (PAC 6) indicate conditions of no and full representative PAC, respectively. For the first PAC-defining dimension of response mode, we suggest to differentiate between six modes as outlined in Table 1. Each of these modes is defined by five characteristics related to a response’s temporal proximity to stimulus (far/near), its spatial alignment with stimulus (no/yes), temporal resolution (discrete/continuous), device used (artificial/realistic), and task-specificity of the action (non-specific/specific). Characteristics were chosen to enable unique assignment of response modes and to reflect a response’s increasing representativeness (with regard to the constraints within the testing environment) relative to real-life demands from lowest (RM1) to highest mode (RM6). Examples for each of the six response modes are given in Table 1. For the second PAC-defining dimension of stimulus presentation, we suggest to differentiate between three types: still image, video/virtual reality (VR) and in-situ (see Travassos et al., 2013, for an identical differentiation of stimulus presentation). These types differ according to the flow of optical information related to an opponent’s action (image: none; video/VR & in-situ: continuous) and the perceptual richness the to-be-anticipated action is embedded in (image to in-situ: very low to high).

[image: Diagram with three parts. A: A stacked bar chart showing stimulus presentation across different response modes (RM1 to RM6) for PACs 0 to 6. B: A table displaying the number of studies using various presentation methods (in-situ, video, image) for different PACs and response types. C: Scatter plots showing the number of studies published from 1976 to 2024 for each PAC, with an orange line for 2005.]

FIGURE 1
 (A) Levels of perception-action coupling as defined by response modes RM1-6 and stimulus presentation (for details see Table 1). (B) Number of studies on anticipation in racket sports using a particular combination of response mode and stimulus presentation. Combinations are assigned to different levels of perception-action coupling (PAC) according to the criteria listed in Table 1. (C) Number of studies assigned to each PAC level by year of publication. The vertical dotted line indicates the year of a special issue on the coupling of perception and action in anticipation research with the much-regarded target article by van der Kamp et al. (2008). MC (1) = mouse click on a court representation (digital analog to a paper-pen response); MC (2) = mouse click (left/right) as directional response similar to button press; VAS = visual analog scale; SM = simple movement (e.g., foot toward left/right); FBM (no int.) = full-body movement (no interception); FBM (int.) = full-body movement with interception; PAC = perception-action coupling.




TABLE 1 Response mode and stimulus presentation as the two defining dimensions for the levels of perception-action coupling.
[image: Table comparing response modes and stimulus presentations with columns for code, temporal proximity, spatial alignment, temporal resolution, device, task-specificity, example, image, video/VR, in-situ, and dependent variables. Codes RM1 to RM6 vary in factors like spatial alignment, temporal resolution, device type, and task-specificity, with examples ranging from simple movement to full-body movement like tennis return. Dependent variables assess accuracy, error, and response time, with some including movement dynamics and skill execution.]

We suggest to define PAC levels based on a combination of response mode and type of stimulus presentation. As still images do not provide a continuous flow of optical information toward which a response could be aligned irrespective of mode, we classified this as PAC 0. Also, responses of mode RM1 are classified as PAC 0 irrespective of stimulus presentation because this mode offers the lowest opportunity for representative action and its coupling with perception irrespective of the stimulus (see Table 1 for details on the characteristics of RM1). Specifically, requiring participants to respond, e.g., via paper-pen means they need to change attention from the stimulus display (e.g., video, image) to the response display (e.g., sheet of paper), thus inducing a temporal gap between stimulus and response (i.e., far temporal proximity, see Table 1).

PAC levels 1–4 are defined solely based on response modes RM2 to RM5 and apply similarly to video/VR and in-situ within respective response modes (Table 1; Figure 1A). The guiding principle in differentiating these PAC levels is the gradual change along the five response mode characteristics. Specifically, at PAC 1 temporal proximity is near (e.g., verbal response can be given temporally connected to a critical stimulus event), but a response’s spatial alignment with a stimulus is still not possible. The latter, however, is possible from PAC 2 onwards (e.g., left button press when a participant anticipates their opponent to hit a ball to their left). Further, at PAC 2, a response is still discrete and in PAC 3 responses are still given using an artificial device (e.g., via joystick) but they are continuous. Continuous responses allow for spatiotemporal corrections in the course of movements and thus may inform about changes of mind due to, e.g., updated beliefs regarding the most probable target for action (Savelsbergh et al., 2002; Cos et al., 2021). At PAC 4, the response device becomes realistic (i.e., the body) but the required response is still task-unspecific (e.g., simple movement such as step left/right). Overall, changes from far to near temporal proximity (PAC 0 ➔ PAC 1), possibility for spatial alignment with stimulus (PAC 1 ➔ PAC 2), from discrete to continuous responses (PAC 2 ➔ PAC 3) and from an artificial to a realistic device (PAC 3 ➔ PAC 4) create increasingly representative affordances, that is opportunities for action, which allow a step-by-step approximation to real-world task demands.

Finally, PAC 5 and 6 are characterized by task-specific responses (e.g., full-body movement such as tennis serve return). These two levels are further differentiated by stimulus presentation, with PAC 5 and PAC 6 applying to video/VR and in-situ conditions, respectively. Research realizing designs at PAC 5 and PAC 6 levels may inform about how anticipation guides action, the dynamics underlying cue utilization throughout the full course of an evolving opponent’s action as well as the spatiotemporal adequacy of the full movement response. If a study is conducted in-situ and a task-specific full-body movement response without interception is required, we recommend to classify that condition as PAC 5. We suggest that a condition should be classified as PAC 6 only if participants are instructed to perform a realistic interception, for instance, of a ball moving toward them in the real-world performance environment (e.g., on-court in tennis). Consequently, the key difference between PAC 5 and PAC 6 is that PAC 6 might additionally allow for the assessment of response outcome (e.g., serve return performance; Table 1). This is not or only restrictedly (e.g., in VR) possible at PAC 5 and lower levels. Thus, in our view the assumption that anticipation is meant to guide an athlete’s action is most extensively reflected in experimental protocols using PAC 6.

The PAC classification is meant to be used as orientation for the development of experimental protocols at the stage of study planning and the description of methods in, for instance, manuscripts to prepare a targeted discussion of results. Moreover, the classification may also be used as a template to analyze the experimental protocols reported in the literature. We next report the exemplar application of the PAC classification to cross-sectional research on anticipation in racket sports. By doing so, we aim to illustrate its use and reveal the prevalence and the temporal evolution of PAC approaches as a basis for a critical discussion of methodological developments and recommendations for future work.



3 Perception-action coupling approaches in racket sports


3.1 Methods

We followed the updated PRISMA guidelines (Page et al., 2021) and systematically searched the scientific literature using the search term [anticipat* AND (tennis OR “table tennis” OR badminton OR squash OR padel)] in three databases (PubMed [search field: all fields; n = 167], Web of Science [Core Collection; search field: topic; n = 341], Scopus [search field: title-abs-key; n = 279]; last updated search on February 13, 2024).3 Original, peer-reviewed articles that reported a cross-sectional approach to investigate anticipation in racket sports were included if the full text was published in English or German. No restriction was made neither on the year of publication nor on the research discipline (e.g., sport science, psychology, neuroscience). Original studies reporting a training intervention were excluded just like any forms of reviews, meta-analyses, conference proceedings, project reports, book chapters or articles published in languages other than English or German. Moreover, studies were only included if sport-specific stimuli were presented (e.g., video opponent in a study on tennis serve return), and were excluded if a sport-unspecific type of stimulus (e.g., runway of LEDs to investigate coincidence-anticipation; Ripoll and Latiri, 1997; Le Runigo et al., 2005) or only a ball machine was implemented (e.g., Alain et al., 1986) as both do not provide participants the opportunity to anticipate based on, for instance, advance kinematic (e.g., opponent’s shoulder rotation) or contextual (e.g., opponent’s on-court position) information. Also, studies were excluded if no measure of anticipation but only participants’ visual search behavior was recorded on-court (e.g., Lin et al., 2021; Espino Palma et al., 2023). Finally, studies that were of purely observational nature were excluded because of the lack of at least partial control of the testing environment, although in general we consider such work highly valuable and informative with regard to describing anticipatory behavior in real racket-sport competition (e.g., Howarth et al., 1984; Triolet et al., 2013; Mecheri et al., 2019; Benguigui et al., 2024). The search protocol as well as an overview of the included studies, publication years, sports and experimental methods can be found in the Supplementary material. The focus of descriptive analysis using Microsoft Excel was on identifying the type of stimulus presentation and response mode as basis for determining the PAC level realized in the included studies.



3.2 Results

A total of N = 91 articles published between 1978 and 2023 were identified eligible for inclusion (see Supplementary Figure S1 for a PRISMA flowchart). Most articles reported studies in tennis (n = 60), followed by badminton (n = 18), table tennis (n = 10) and squash (n = 3; none in padel). Overall, the articles reported a total of N = 115 studies (due to several multi-study reports) that were considered for a methodological analysis of PAC approaches (see Supplementary Table S1 for an overview of individual studies’ classifications).

Accordingly, as is illustrated in Figure 1B, in most studies, participants viewed videos and responded via button press, a combination that belongs to PAC 2 according to our classification (see Table 1). The second most employed combination again was to show videos and ask for paper-pen responses (belonging to PAC 0), followed by full-body movements in response to videos (belonging to PAC 5), verbal responses to videos (belonging to PAC 1) and full-body movements with in-situ interception (belonging to PAC 6). When the different response mode and stimulus presentation combinations were considered overall and assigned to PAC levels, PAC 2 was most often realized, followed by PAC 0, 5, 1, 6, and 3 (Figure 1B).

A differentiated view on the number of studies conducted per PAC level by the year of publication is given in Figure 1C. Accordingly, research realizing the lowest level of PAC has the longest tradition and this approach is used regularly until today (PAC 0; top row in Figure 1C). Research realizing a PAC 2 (e.g., button press in response to video), in turn, has gained popularity from 2010 onwards. Requiring participants to perform full-body movements in response to video (PAC 5) or in-situ with interception (PAC 6) was introduced in the early 2000s (e.g., Abernethy et al., 2001). However, these methodological approaches did not become the dominant ones from then on, especially not in comparison to PAC 2 (Figure 1C).




4 Discussion

Different experimental designs all carry a particular degree of PAC. Motivated by theories that assume a close link between perception and action, such as the ecological dynamics perspective, researchers have repeatedly criticized the dominant separation of perception and action in studies on anticipation (Abernethy et al., 1993; Araújo et al., 2006, 2019; van der Kamp et al., 2008; Travassos et al., 2013). Consequently, there has been unequivocal call for more sport-specific action and the preservation of representative PAC to further our understanding of expert athletes’ exceptional sensorimotor skills on the field (Prinz, 1997; van der Kamp et al., 2008; Gentsch et al., 2016; Maselli et al., 2023). Additionally, the current inconsistent use of terminology for the description of experimental methods caused by a lack of explicit criteria to characterize and define PAC conditions renders the proper interpretation of (the scope) of available studies difficult.

Here we made a first proposal for a criteria-based classification of PAC levels. The classification is hoped to help standardize methodological terminology, enable more targeted discussion of the results’ scope and to stimulate the systematic, theory-driven comparison of the impact of different PAC levels particularly on anticipation, but potentially also on related perceptual-cognitive skills (e.g., decision-making, pattern recognition). Additionally, the classification is neutral in the sense that it is applicable to different sports and tasks (e.g., batting in cricket and baseball, goalkeeping in soccer and handball). As exemplified in our application to anticipation research in racket sports, the PAC classification may also serve as a template for the analysis of experimental protocols reported in the literature to identify methodological foci and trends as well as to reveal potential methodological gaps worth addressing and experimentally challenge theoretical predictions.

Our review revealed persistent and predominant use of rather artificial PAC approaches that especially require discrete button press or paper-pen responses (i.e., PAC 0-2; see Figures 1B,C). Thus, little seems to have changed over more than 40 years of anticipation research or since the much-noticed call for more action by van der Kamp et al. (2008; see the number of studies relative to the dotted orange line in Figure 1C). This, at least, pertains to the domain of racket sports and includes our own research on anticipation (e.g., Loffing et al., 2016; Huesmann and Loffing, 2019). However, we expect that the methodological landscape would not noticeably change when extending the view on other interceptive sports and tasks (for methodological advancements in research on decision-making, e.g., see Inns et al., 2023; Iskra et al., 2024).

Despite the evident calls for more action in anticipation research, why did higher PAC levels not become more common and maybe even standard over time? We suspect that the underlying reasons are manifold and intertwined. For example, experiments with low PAC are less resource demanding (e.g., button press in response to videos shown on a notebook monitor, results stored in easy to process logfiles) than experiments with high PAC (e.g., large labs or gyms and real opponents required, recording of participants’ full-body movements, potentially in combination with motion capturing, as response mode, enhanced complexity in data processing and analyses due to multivariate datasets). Considering the research questions targetable with the different PAC levels, however, studies with lower PAC should not be discarded as less valuable in comparison to high PAC studies. Low-PAC studies might allow for a targeted and resource-efficient initial investigation of, for instance, the influence of selected information sources on skilled anticipation and this might then be followed up by studies using higher PAC to, e.g., test transfer to the field. Finally, as another potential reason, the evidence from studies that investigated the influence of different degrees of PAC on anticipation to date is indicative but not overly convincing (Mann et al., 2007; Travassos et al., 2013), for example, with regard to a more pronounced expertise advantage (Ranganathan and Carlton, 2007; Mann et al., 2010) or better anticipation performance at higher than lower PAC levels (Farrow and Abernethy, 2003; Huesmann et al., 2022). The classification presented here may help as orientation for future systematic theory-driven analysis of such PAC effects.

Still, we emphasize the call for strengthening the action component in anticipation research and to purposefully use it as an (in)dependent variable to, for instance, experimentally challenge the proposition that perception and action are linked bidirectionally (Araújo et al., 2006; Lepora and Pezzulo, 2015; Pizzera, 2016; Maselli et al., 2023; Voigt et al., 2023). Emerging technologies, such as for instance VR, can help researchers create experimental designs with high degrees of PAC while still allowing close control of the experimental setting, combining the advantages of high and low PAC levels. Further, there is continued interest in answering the questions on which kinematic and contextual sources are used for and how related information is computationally weighted and integrated in skilled anticipation (Loffing and Cañal-Bruland, 2017). The recent literature argues in favor of Bayesian computational models (Harris et al., 2022; Gredin et al., 2023), however, part of the evidence supporting this idea originates from approaches with rather low PAC using paper-pen (e.g., Harris et al., 2023) or button press (e.g., Loffing and Hagemann, 2014; Helm et al., 2020; for exceptions, see, e.g., Gredin et al., 2018; Murphy et al., 2018; Magnaguagno and Hossner, 2020). In our view, preserving the representative coupling between perception and action in this line of research (e.g., see Mann et al., 2013; Stone et al., 2014, for enabling realistic ball interception under controlled stimulus conditions) would make an even stronger case for ‘Bayesian anticipation’ and facilitate transfer of gained insights to the real setting where such computations are assumed to guide skilled performance.

Finally, the PAC classification proposed here (Figure 1; Table 1) is not without limitations. For example, we did not consider and further differentiate PAC levels depending on whether the temporal or spatial occlusion technique is part of an experimental protocol. This may be relevant, however, to keep in mind for, among others, in-situ studies that use liquid crystal googles to occlude participants’ vision before ball flight. In situations like these, realistic task-specific interception will be difficult to achieve (e.g., Farrow and Abernethy, 2003). Also, PAC levels were defined without specifically differentiating between task instructions such as whether participants are required to respond as fast (or timely) and accurately as possible within a specific time frame or without time constraints. Instead, we implicitly assumed that the first type of instruction is used but if not, we suggest to report so and even consider downgrading a particular PAC level because the response’s temporal proximity to a stimulus might not be given.

Overall, we would like to reiterate that the classification is meant as a first step toward a criteria-based systematization of PAC levels, but it is explicitly not meant as a tool to assess the quality of experimental methods used in studies. In that sense, we hope the classification will constitute a helpful orientation for researchers that facilitates both study planning and reporting, that it can serve as a tool for experimental protocol analysis as well as aid the transfer of knowledge to practice by classifying the methodological level of PAC at which evidence was obtained. Beyond the application to racket sports shown here as an example, the PAC classification can also be applied to other interceptive sports and tasks. Based on our historical record of the PAC levels realized in anticipation research in racket sports, we expect a similar pattern of findings in other domains of sport and would like to express the anticipatory wish of “A little more action, please!.”
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Footnotes

1   Occasionally, the term visual anticipation is used in the literature to indicate the prominent role of vision for anticipation (e.g., van der Kamp et al., 2008). We have deliberately omitted this specification as, in addition to visual information, auditory information, for example, presumably influences the anticipation process (e.g., Cañal-Bruland et al., 2018). Moreover, anticipation also relies on memory processes (e.g., knowledge of the opponent’s action tendencies, general event probabilities; Loffing and Cañal-Bruland, 2017), so that we consider the neutral term anticipation more appropriate here.

2   The term “representative” is defined by the ideas of Brunswik (1956), who stated that representative study design represents the typical environment and task constraints of the “real world task” targeted and intended to be generalized upon in the investigation (for an application of Brunswick’s ideas to sports science see Pinder et al., 2011).

3   Note that our review was not aimed at providing a full systematic review in the sense of an (almost) exhaustive coverage of the literature but rather to showcase the application of the PAC classification. Therefore, we kept the PRISMA route of identification of studies via other methods rather short and consequently cannot rule out that we have missed some reports, especially from earlier years, that are often not listed in databases (Supplementary Figure S1).
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Target times are expressed in“seconds to row 500 m? The prescribed times were calculated based on each athletes usual performance, “Entertainment” refers o the activities that partcipans
usually do during their rowing training sessions (none =no concurrent activity, lstening o music,lstening to the radio). Follow-up analyses for significant group main effects are Bonferroni-
corrected. “MA” refers to “Middle-Aged Adults”
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“indicate significant differences between girls and boys (p<0.05).
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TOL, Tower of London; 5 kinds of basketball dribbling including crossover, double
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DT: SPB+Subtractive tasks

ST: technical and tactical task

DT: technical and tactical
task + working memory
task (3-back test)

s
task.

multiple object tracking

DT: multiple object tracking
task+ balance task

ST: attacking actions
against an opponent after a
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from 300 juggling
performance +

multiplication task
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 single-task; DT, cognitive-motor dual-task; DPB, Dynamic postural balance; SPB, Static postural balance. For acute studies, a common approach is conducting mixed-design analysis of

variance (ANOVA). In this Table, we have provided a concise summary of the statstical values pertaining to the main effects of task types. For a more comprehensive set of statistical details,
we recommend referring to the original text.
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intervention groups (trials and cohort studies), or were the cases and controls (case-control studies) recruited over the same period?; Item 23, Were study subjects randomized to intervention
groups?; Item 25, Was there an adequate adjustment for confounding in the analyses from which the main findings were drawn?






OPS/images/fpsyg-15-1284787/fpsyg-15-1284787-t001.jpg
Item code

Amico and Schaefer (202 1 1 1 1 1 1 1 u 1 1 1 1 u 1 1

Fleddermann and Zentgraf (2018) 1 1 1 1 1 1 0 u 1 1 1 1 u 1 092
Gabbett etal. (2011) 1 o 1 1 1 0 u 1 1 1 1 u 1 0.83
Gabbett and Abernethy (2012) 1 1 1 1 1 1 1 u 1 1 1 1 u 1 1

Gabbett and Abernethy (2013) 1 o 1 1 1 1 u 1 1 1 1 u 1 092
Sarto etal. (2020) 1 1 1 1 1 1 1 u 1 1 1 1 u 1 1

Schaefer and Scornaienchi (2020) 1 1 1 1 0 1 1 u 1 1 1 1 u 1 0.92
Gutiérrez-Davila et al. (2017) 1 1 1 1 1 0 0 u 1 1 0 1 u 1 075
Van Biesen etal. (2018) 1 1 1 1 1 1 0 u 1 1 1 1 u 1 0.92
Laurin and Finez (2020) 1 1 1 1 0 1 1 U 1 0 0 1 u 1 075

undlear.Item 1, Is the hypothesis/aimyobjective of the study clearly described?; tem 2, Are the main outcomes to be measured clearly described in the Introduction or Methods sections?;
ltem 3, Are the characteristics of the patients included in the study clearly described?; Item 6, Are the main findings of the study clearly described? Item 7, Does the study provide estimates of
the random variabilty in the data for the main outcomes?; Item 10, Have actual probability values been reported (e.g. 0.035 rather than <0.05) for the main outcomes, except where the
probability value is less than 0.001%; Item 12, Were those subjects who were prepared to participate representative of the entire population from which they were recruited?; Item 15, Was an
attempt made to blind those measuring the main outcomes of the intervention?; Item 16, If any of the results of the study were based on “data dredging was this made clear?; tem 18, Were
the statistical tests used to assess the main outcomes appropriate?; ltem 20, Were the main outcome measures used accurate (valid and reliable)? liem 22, Were study subjects i different
intervention groups (trials and cohort studies), or were the cases and controls (case-control studies) recruited over the same period?: Item 23, Were study subjects randomized to intervention
groups?; Item 25, Was there an adequate adjustment for confounding in the analyses from which the main findings were drawn?






OPS/images/fpsyg-15-1284787/fpsyg-15-1284787-g001.jpg
Records identified through
database searching (N=2094)

Additional records identified
through other sources (N=1)

Records after duplicates removed (N=1833)

Records after reading the abstract
and title (N=96)

Full-text articles excluded (N=79)
Unavailable outcome (N=31)

Studies included in qualitative
syntheses(N=17)

Unavailable participant (N=45)
Other (N=3)

Acute studies (N=10)
Chronic studies (N=7)

Total number of participants(N=615)

Acute studies (N=370)
Chronic studies (N=245)






OPS/images/fpsyg-15-1284787/crossmark.jpg
©

2

i

|





OPS/images/fpsyg-14-1338265/fpsyg-14-1338265-t002.jpg
Measure

RT Gen WBvs.FB 505871 123914 0.0004F 4082
WBvs.SB | 555627 | 125253 0.0004F | 4346
BBvs. AB | 49756 80473 0541 0618
RT 45° WBvs.FB 370229 127237 0.006** 2910
WBvs.SB | 408769 | 143842 0.008** 2841
FB vs. SB 38539 81677 0.640 0471
RT90° WBvs.FB | 412583 152637 0011% 2703
WBvs.SB 521337 152319 0002%% 3421
FBvs.SB 108753 93654 0254 1161
RT 135 WBvs.FB | 438344 158909 0.009%F 2758
WBvs.SB | 689396 150210 0.0004F | 4589
FBvs.SB 251052 90617 | 0009%% 2770
RT 180° WBvs.FB | 655749 172691  0.001%% 3797
WBvs.SB 735619 166801  0.000%% 4431
FB vs. SB 79870 146669 0590 0.541
RT 225 WBvs FB 784572 242246 0.003%F 3242

WBvs.SB 703960 197011 0.001%% 3753

FB vs. SB 80612 109077 0465 0733
RT 270° WBvs.FB | 448896 152259 0.006** 2953
WBvs.SB 293990 150947 0.060 1953
FBvs.SB 154906 165470 0356 0.933
RT315° WBvs.FB 916910 143518 0.000%F 64l

WBvs.SB | 893558 139367 | 0.000°F 6428

FB vs. SB 23352 99.047 0815 0232
EP315° WBvs.FB 7539 3479 0.038* 2513
WBvs.SB 0794 1568 0616 0.012
FB vs. SB 8333 3762 0.034% 2777

RT, Response time; E, Error percentage; Gen, General; WB, without balance; FB, Frontal
balance; SB, Sagittal balance; *Significant at p<0.05; **Significant at p<0.001
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Source

Balance RT Gen
EP Gen
RT45°
EP45°
RT90°
EP90°
RT 135°
EP135°
RT 180°
EP 180°
RT 225°
EP225°
RT270°
EP 270°
RT315°
EP315°

Sports RT Gen
EP Gen
RT45°
EP45°
RT90°
EP90°
RT 135°
EP 135°
RT 180°
EP 180°
RT 225
EP225°
RT 270°
EP 270°
RT315°
EP315°

Balance * Sports RT Gen
EP Gen
RT45°
P45
RT90°
EP90°
RT 135°
EP 135
RT 180°
EP 180°
RT 225°
EP225°
RT 270°
EP 270°
RT315°

EP315°

df

2

Mean square
3175776700
47.657
1711623410
124813
2541526356
21084
4090458058
503038
5474120555
324304
6258626916
92726
1746830.048
71822
9182409417
710680
1495019.892
1842046
1625891593
540043
649695123
754204
20097.730
2546911
72024.306
5070.882
386098537
1477.890
1620162.190
2415585
142798.030
1333.900
121424870
1317
248845956
13.676
204010.169
59082
236124603
124774
152109.886
60048
5049.177
77672
81556.607
34887
175709.665

7.053

15.115

1180

7.018

2548

8211

0239

13.037

2107

12349

1.093

10216

0.490

4253

0.674

32,906

4420

4170

3924

2829

1522

1120

1787

0.027

3549

0.055

5.458

0.251

1702

2150

0.246

4174

5.530

0.033

1020

0279

0.659

0.670

0.753

0523

0.343

0.202

0.082

0410

0.199

0.328

0.630

0.044

R, Response time; EP, Error percentage; Gen, General; *Significant at p <0.0; **Significant at p<0.001.

ig
0.000%%
0.314
0.002%*
0086
0.001%*
0.788
0.000%*
0.130
0.000%*
0.341
0.000%*
0.615
0.018*
0.513
0.000%%
0.016*
0.048%
0.050*
0.102
0.226
0.298
0.190
0.870
0.068
0815
0.026%
0.620
0.201
0.152
0.039*
0.623
0.049*
0.018*
0.968
0.366
0.757
0.521
0515
0475
0.595
0.711
0817
0921
0.665
0.820
0.722
0.536

0957

Effect size
1754
0380
1353
0557
1235
0.167
1.256
0505
1222
0363
L
0.246
077
0.285
1.996
0731
0716
0,698
0585
0429
0369
0.463
0.063
0,655
0089
0813
0179
0454
0509
0749
0007
0,695
0715
0.063
0351
0179
0.285
0.285
0300
0.255
0201
0.155
0.089
0220
0.155
0201
0.278
0.063

Pow
0.999
0.250
0917
0493
0953
0.086
0.9
0418
0.995
0.234
0.983
0.127
0725
0.159
1,000
0742
0539
0503
0372
0.224
0177
0.255
0053
0.448
0056
0.621
0,078
0.245
0.296
0551
0.167
0509
0677
0055
0.221
0.092
0.156
0.158
0173
0133
0.103
0.080
0.062
0114
0.080
0.100
0.151

0.056
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Visual Motor

performance performance

ing time —0.892%+ —0.887++
Number of trials ~0.546* ~0.572¢
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Break between blocks

Response correspondence

Stimulus presentation

Randomization of presented stimuli
Fiator (fixation duration)

Response-stimulus interval

Response time out
Cronbach’s alpha
(reaction time)

Split-Half Reliability

(reaction time)

One block with 10 trials

(Two targets, eight non-target)
No

100 (30 targets, 70 non-targets)
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3,000ms

072
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4,000ms.
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RT, target trials 9702 23161 6016 1,505
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Overall 5144 15.02 1091 8848
accuracy, all
trials (%)
False alarms 982 52 286 3286
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Missed targets 3578 13.47 0 70
(%)

Soccer-specific

R target trials | 154295 1929 117.06 187173
(ms)

Overall 6018 1502 2095 %
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False alarms 566 374 0 1571
)

Missed targets 18 1376 667 633

(%)

RT, response time.
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Youden Sensitivity Specificity Threshold p value

index value

12-13years

TDT-M 26/55 0320 0.585 0731 0.659 28 0.022
TDT-A 26/55 0.206 0.283 0923 0.590 275 0.198
TDT-B 26/55 0338 0415 0923 0.660 339 0.021
14-15years

TDT-M 1527 0.781 0929 0852 0.712 26 0.028
TDT-A 15/27 0526 0.786 0741 0.743 288 0.011
TDT-B 1527 0.677 0714 0963 0.820 385 0.001
16-17years

TDT-M 9131 0.649 0871 0778 0.839 283 0.002
TDT-A 9131 0323 0323 100 0.634 295 0225
TDT-B 9131 0.631 0742 0.889 0.817 441 0.004
18-24years

TDT-M 31/56 0.388 0548 0839 0.657 185 0.016
TDT-A 31/56 0.140 0.195 0.946 0513 248 0,842
TDT-B 31/56 0.222 0.258 0.964 0597 276 0.136
25-34years

TDT-M 1510 0.367 0.700 0.667 0.687 19.1 0.120
TDT-A 15/10 0376 0700 0.667 0.660 316 0.183
TDT-B 15/10 0.300 0.900 0400 0633 457 0.267

Significant resultsare shown in bold type; n= HP/LP. TDT-M, Trail- Dribbling Test - pure motor task; TDT-A, Trail-Dribbling Test - numbers; TDT-B, Trail- Dribbling Test - numbers & leters.
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P (n =133) P (n =142) Statistical analysis

Age (years) 187 (531) 165 (4.75) 1(273)=3.49,p=0.001,d=0.422
Sex 112 male, 21 female 122 male, 20 female CHI(1)=0.16, p =0.692
BMI (kg/m?) 218 (3.03) 204 (275) 1(250)=3.97, p <0.001,d =0.502
How old were you when you started

861 (334) 595 (206) 1(169)=691, p< 0.001, d=1.063
regular training? (years)
Amount of training in soccer (min/ 202(83.9) 330(70.9)

1(215)=-12.12,p< 0001, d =-1.653

week); freq, of naming soccer (n) n=84 10
TMT-M; motor task (s) 931 (242) 7.6 (2.60) 1(135)=3.85, p <0.001,d =0.663
TMT-A; numbers (s) 220(7.63) 184 (6.11) 1(135)=3.07, p=0.003, d =0.528
TMT-B; numbers letters (s) 46.9(13.8) 46.1(158) 1(135)=0.334, p =0.739,d =0.057

Mean values and standard deviations as well as statistical parameters,are given. HP-SP. high-performance soccer players; LP-SP,low-performance soccer players; BMI (Body Mass Index),
Weight (in kilograms) / (Height (in meters) * Height (in meters)); TMT-M, Trail- Making Test - pure motor task; TMT-A, Trail- Making Test - numbers; TMT-B, Trail- Making Test - numbers
& letters; s, seconds; n, frequency; p <0.05, significant; p <0.01; strongly significant; p <0.001, highly significant; d, Cohens d.
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LB-5p! HP-SP LP-SP HP-SP HP-SP LB-Sp HP-SP LR-Sp HP-SP Statistical
12-13 12-13 14-15 14-15 16-17 18-24 18-24 25-34 25-34 analysis

(n =26) (n=27) (n=15) (n=31) (n=56) (=31 (n=15 (n=10) =)

124050 125050 142042 143049 163050 164050 21509 | 210073 | 282059 | 28504 F9265)=3914%,

Age (years)
1106)=-0.395" 10)=—0772 138)=-0.453" 185)=1.11 1023)=-0291" ;=093
24, 554, s, s, 15 166, 534, 274, 156, 103,
Sex 09 02 139 19 59 159 09 I 09 09
Na CHP()=747%% CHI(1)=0.143" CHI()=154" NiA
BMig | 17408)  IS1087) 194089 1932200 204209 210039 29090 | 27059 | 51058 | 244(19)  Fo2)-38ee,
m) 1(106)=-0949" 1(39)=0.068" 1(84)=0350" 1(23)= 096" =059
Ageof. NA 556(156) | 99(G20) 5476 | 107(71) | 620028 | 796@79) | 63BQ3I) | 836(460) | 556(187)
regular F8200)=7.76++,
training? NiA 1(387)=5.09+4%d =1.64 1(81)=259%,d =0576 121)=173,d=0755 w0, =0273
(years)
Amount of NA 000 181097)  34(32)  200050) | 3278 | 22000 | 3610 | 198617 25(73)
taining in
¢ 8208 =19.9%%,
soccer
o N (0)=-19.1++, (G9)=-181%7", (85)=-428"",d=-0928 | 1(23)=-578%*", <0434
week);
TMEM NiA NiA 990 | 65503 | ais0mm | szeon | s1962 | eme | wseen | swem) |
F7129)=7.03%%%,
(motor
i) N 129 =474%%,d =176 145)=0.408" 16)=0453" 1, =0.276
sl
™EA NiA NA 7001 | 25660 | 193697 192690 | 22629 | 171G | 26Q72) | 173Q18 | Ru9)=278,
(numbers) NA (30)=0675" 1(38)=0.007 1(45)=1.99,d =0.593 116)=3.62%,d =181 =013
T™™EB NA NiA 29054 562056 | H20L) | 78070 49029) 47034 | 39(9) | 371032
R7.129)=229°,
(umbers
N 130) =034 (38)=-05607" 145)= 0049 1016)=0.150 g =0an
&leters)

The age ranges are also used to evaluate the TDTT as a diagnostic test; N/A, not avilable (due to organizational constraints, capturing the TMT was not always feasible); HP-SP, high-
performance soccer players; LP-SP, low-performance soccer players; NS, not significant; T, tendencially significant; p <0.05, *significant; p <0.01; strongly significant; p <0.001, highly
nificant; BMI (Body Mass Index), Weight (in kilograms) / (Height (in meters) * Height (in meters)); TMT-M, Trail-Making Test - pure motor task; TMT-A, Trail-Making Test - numbers;
TMT-B, Trail-Making Test - numbers & letters; 11, Partil Eta Squared; J, male; €, female.
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“Significantly different to pre-test (p<0.05),
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Initial Follow-
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Number of fixations

Fixation duration (s)
Mean + SD

u14 u16

(n)
JUCET )
u14 u16
Skilled 3274199% | 3.96£234%
Less 4172256 4462231
skilled

179£114% | 2112126

2164137 2294146

“Significantly different from the less skilled group (p<0.05).
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SS-E (n = 17) SS-N (n = 19) GS-E (n =10) GS-N (n = 10) Elgle](S

angle x sport | angle x expertise | angle x sports x expertise

Mental rotation with soccer-specific poses
RT (ms) 3244 £ 1227 3440 £ 1360 2850 & 770 3027 £1123 F(1.91,99.2) = 33.9, F(1.91,99.2) = 0.04, F(1.91,99.2) = 0.78, F(1.91,99.2) = 0.79,
p < 0.001, p=0957, p = 0455, p=0.785,
n?p =0.395 n?p =0.007 n%p=0.015 n?p = 0.004
ACC (%) 77.0 £15.9 772 £17.0 L 86.1 £13.3 F(2.13,111) = 20.7, F(2.13,111) = 0.35, F(2.13,111) = 1.19, F(2.13,111) = 0.17,
p < 0.001, p=0717, p=0311, p=0.854,
1%p =0.285 1%p = 0.007 n?p=0.022 1%p = 0.003
Mental rotation task with cubes
RT (ms) 3935 £ 2197 4172 + 1817 4780 £ 1511 F(2.58,134) = 38.6, F(2.58,134) = 2.12, F(2.58,134) = 0.51, F(2.58,134) = 2.06,
p < 0.001, p=0.111, P = 0.646, p=0.118,
n%p =0.426 n%p =0.039 n%p=0.010 n?p = 0.038
ACC (%) 66.3 £14.0 616 £11.9 L 79.0 £12.0 F(2.58,134) = 18.9, F(2.58,134) = 147, F(2.58,134) = 0.84, F(2.58,134) = 1.32,
p < 0.001, p=0230, p=0459, p=0273,
n?p=0.267 n?p =0.027 n?p=0.016 n?p = 0.025
Mental rotation task with letters
RT (ms) 1693 £ 525 1622 £ 482 1206 £ 335 F(2.31,99.1) = 48.9, F(2.31,99.1) = 3.59, F(2.31,99.1) = 4.56, F(2.31,99.1) = 1.35,
p < 0.001, P =0.026, P =0.009, p=0.264,
1%p =0.532 1%p =0.077 12p =0.096 1%p = 0.030
ACC (%) 89.9 £10.5 933 +£64 L 940 £5.2 F(2.03,86.1) = 12.4, F(2.03,86.1) = 1.81, F(2.03,86.1) = 1.67, F(2.03,86.1) = 1.06,
p < 0.001, p=0170, p=0194, p=0352,
n?p=0.223 n?p = 0.040 n%p=0.037 n?p = 0.024
Mental rotation task with hands
RT (ms) 2182 £ 707 1965 + 665 1368 £290 F(2.39,113) = 28.5, F(2.39,113) = 1.4, F(2.39,113) = 0.11, F(2.39,113) = 1.04,
p < 0.001, p=0239, P =0.926, P =0.366,
1%p =0.378 1%p =0.030 n2p =0.002 1%p =0.022
ACC (%) 93.7 £ 4.0 88.7 £12.3 L 95.7 £ 4.0 F(3,141) = 4.86, F(3,141) =0.27, F(3,141) = 0.76, F(3,141) = 0.76,
P =0.003, p=0.846, p=0518, p=0.521,
1%p =0.094 n%p =0.006 n%p=0.016 n?p =0.016

RT, response time; ACC, accuracy.
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Multiple regression model

R? (adjusted)
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T
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CBT fwd.
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2CRT
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~0053

~0.019
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[-0.42,0.025)
[-0.007, 0.008]
[-0.438, 0.081]
[-0.129, 0.454]
[-0.005, 0.003]

(-0.007,0.006]

SEE, standard error of estimate; f, standardized coefficient; B, unstandardized coefficient.
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Group Experimental Control Independent sample t-test
Variables Mean Sd. Mean t p
Age (years) 20.20 1.81 19.09 0.53 1.861 0.091
Height (cm) 171.30 6.44 178.18 7.76 —1.722 0.101
Weight (kg) 62.70 13.89 72.27 6.88 —1.970 0.071
Number of exercises per week 4.10 1.10 4.45 0.68 —1.308 0.216
Training duration per session 62.50 15.85 68.63 13.24 —0.966 0.346
Pre-test MIQ-R (kinesthetic) 5.95 0.80 5.4318 1.01 1.283 0.215
Post-Test MIQ-R (kinesthetic) 6.00 0.62 5.5455 0.52 1.817 0.085
Pretest MIQ-R (visual) 6.42 0.44 6.2955 0.56 0.579 0.569
Post-Test MIQ-R (visual) 6.20 1.40 6.2955 0.70 —0.199 0.844
Motivation to research participation 8.90 1.10 8.455 1.75 0.689 0.499
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Gaze duration (ms)

Novices
Median IQR

999.50 1,511.25 976.00 842.00 131.50 0.665 039
D 1,108.00 2,232.00 580.00 94075 159.00 0.064 0.65
s 571.00 797.00 608.00 740.00 545.50 0776 0.08
A2 1,104.00 1,283.00 640.00 666.50 783.00 0011 057
A3 1,379.00 1,432.00 676.00 576.00 465.00 0.001 0.77
Ad 1,028.00 979.00 892.00 1,924.00 180.00 0698 0.03
D1 463.50 821.75 345.50 531.50 158.00 0.609 022
D2 1,063.00 1,026.00 715.00 54225 264.50 0.008 061
D3 1,189.50 865.75 443.50 356.25 91.00 0.001 131
D4 1,079.00 1,279.00 735.00 689.50 178.00 0136 0.49
SPT 815.00 1,097.00 308.00 317.00 138.00 0.009 111
Blst 1,417.50 1,279.50 369.50 414.00 27.00 0.002 122
B2nd 1,067.00 1,191.00 0 0 - - -

IQR, interquartile range. The bold values indicate statistically significant differences.





OPS/images/fpsyg-15-1390536/fpsyg-15-1390536-t001.jpg
Gaze duration (ms)

Experts Novices
Median IQR Median IQR
Offensive corner 807.00 1,064.00 451.00 564.00 2,624.00 0.001 0.56
kick
Offensive sideline 1,389.00 1,335.00 578.00 683.25 1,005.00 0.001 0.94
kick
Offensive free kick 1,118.00 1,217.00 554.50 64475 751.50 0.010 073
Defensive corner 1,034.00 800.75 463.00 573.00 818.00 0.001 074
kick
Defensive sideline 1,007.00 1,377.50 664.00 836.00 775.50 0.026 041
kick
Defensive free kick 1,380.00 1,606.75 791.00 808.50 538.50 0.008 0.79

IQR, interquartile range. The bold values indicate statistically significant differences.
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Group Type of task “Task complexity

“Task novelty
Low High
HP-SP Low TDT-A TDT-B
Dual cognitive-motor
High
Group Type of task ‘Task complexity
“Task novelty
Low High
LP-SP Low
Dual cognitive-motor
High TDT-A TDT-B

HP-SP, high-performance soccer players; LP-SP, low-performance soccer players; TDT-A, Trail-Dribbling Test with numbers; TDT-B, Trail- Dribbling Test with numbers & letters.
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Variable 95% confidence interval F test with true value O

Lower bound | Upper bound Value dfl df2
D] MI PPP Single measures 0.197 —0.201 0.558 1.537 20 20 0.172
DJ AO PPP Single measures 0.496 0.084 0.761 2.888 20 20 0.011
DJ ELV Single measures 0.880 0.762 0.946 40.487 20 60 0.000
DJFT Single measures 0.890 0.777 0.951 44.791 20 60 0.000
DJ GCT Single measures 0.681 0.496 0.834 9.548 20 60 0.000
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