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Introduction: The purpose of this study is to systematically compare and assess the differences in perceptual-cognitive skills between expert and non-expert sports officials, and further explore the potential differences caused by different types of sports officials, in order to provide a more comprehensive understanding of the perceptual-cognitive skills of sports officials.
Methods: Relevant literature published before 31 December 2022 was searched in four English databases. Review Manager 5.4 and Stata 12.0 software were used for meta-analysis and bias test.
Results: Expert sports officials are significantly more accurate in their decision-making than non-expert sports officials, and exhibit a large amount of effect size (SMD = 1.09; 95%CI: 0.52, 1.66; P < 0.05). Expert sports officials had significantly fewer number of fixations than non-expert sports officials and showed a moderate amount of effect size (SMD = 0.71; 95%CI: 1.25, 0.17; P < 0.05). Expert sports officials' duration of fixation (SMD = 0.23; 95%CI: 0.25, 0.71; P = 0.35) were not significantly different from non-expert sports officials.
Discussion: It can be seen that there are differences in the Perceptual-cognitive skills of expert and non-expert sports officials. Decision-making accuracy can serve as an important indicator for distinguishing the perceptual-cognitive skills of expert and non-expert sports officials. Number of fixations can serve as important indicators to differentiate the perceptual-cognitive skills of monitors.
Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=418594, identifier: CRD42023418594.
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1 Introduction

In the process of movement, the environment often contains a large amount of information. However, human capacity to process these information is limited, and active observer has to select the relevant signs from the large amount of information available in the environment (Moeinirad et al., 2020). This ability of an individual to identify and acquire environmental information and integrate it with existing knowledge in order to process information and execute appropriate responses in complex tasks is known as perceptual-cognitive skills (Marteniuk, 1976). Related research has demonstrated that the ability to acquire visual information and to select and execute appropriate movements is key to high-level performance and even plays a critical role in sports (Williams and Ericsson, 2005; Williams et al., 2011). Skilled experts have been found that to be superior on a variety of perceptual-cognitive tasks. Such as anticipation, the ability to predict the action of others based on early visual information (Abernethy and Russell, 1987); Decision-making, the ability to select the best option from a variety of alternatives (Helsen and Pauwels, 1993). Recall, the ability to recall previously seen situations (Allard et al., 1980). It has been shown that experts tend to be able to focus their attention on searching for relevant cues and making quick and accurate decisions in a game situation filled with a lot of information, while non-experts are less able to do so. Thus, it is these perceptual-cognitive skills that often serve as an important basis to distinguish experts from non-experts (Ward and Williams, 2003; Mann et al., 2007).

A large number of researchers have made it clear that with certain visual search behavior expert athletes can make proficient anticipation, alleviate the temporal constraints of the task and make fast and more accurate decisions than non-expert athletes (Helsen and Starkes, 1999). The investigation of gaze behavior seems to be an appropriate approach to better understand the visual attention and the perceptual-cognitive processes in information search (Mack, 2020). Williams and Ericsson (2005) argue that with certain visual search strategies, experts can achieve anticipation of extended movement cues, recognition of movement pattern, and the use of information. In sports situations, athletes need to pay attention to the most critical cues if they want to achieve superior performance. Therefore, more research has attempted to study the perceptual-cognitive skills of athletes in terms of selective attention and visual search abilities. The expert-novice research paradigm is currently the main research paradigm in the field of eye movements and provides an important basis for exploring experts high-level motor performance. Some researchers have shown that gaze behavior can be explicitly used as a process tracing measure for decision making. The decision making skills of expert athletes could also be directly traced to gaze behavior, thereby making the study of gaze behavior essential for all sports (Mann et al., 2009).

Indeed, numerous researchers have used eye tracking systems to test the gaze patterns of athletes as they attempt to anticipate or judge skilled performance in both laboratory and field settings (Mann et al., 2019). Researchers often focus on the location, sequence, number, and duration of fixations in athletes. The location and sequence of fixations are important enough to reflect the signs used in decision-making, and the number and duration of fixations reflect the need for information processing and the allocation of attention. There have also been some experimental studies that have measured the performance of athletes when using perceptual-cognitive skills for decision-making through reaction time and response accuracy (Williams et al., 1994; Guizani et al., 2006; Piras et al., 2014; Ottoboni et al., 2015). Reaction time refers to the objective length of time between the onset of a stimulus and the production of an apparent response, while response accuracy is the frequency of producing in which an appropriate response is made according to objective standards and task constraints. In general, expert athletes can demonstrate better accuracy over short period of time after a long period of training. They spend less time scanning for relevant environmental information, which keeps their attention focused on important place and lasts longer. Vickers and Adolphe (1997) used eye movement techniques to study the visual tracking of expert and non-expert volleyball players and found that expert players tracked the ball earlier and visually tracked the ball longer than non-experts. Panchuk and Vickers (2006) in their study of visual gaze characteristics of ice hockey goalies, found that ice hockey goalies' accurate spatial and temporal judgment of incoming pucks was dependent on the timing of visual orientation and visual tracking prior to the save. Great hockey goalies look at the incoming puck sooner, keep their eyes on the puck for longer before making a save, and rarely look at the attacking player's body. Thus, longer fixation times seem to imply more extraction of important information as well as more detailed information processing. The fundamental difference between experts and non-experts seems to be that experts are better able to extract and process information distributed throughout the body (Abernethy et al., 2008).

While abundant research has shown how athletes make decisions at a perceptual-cognitive level, relatively little research has focused on the decision-making performance and perceptual-cognitive skills of sports officials. Given the association among anticipation, gaze behavior, and decision-making accuracy in athletes, it is important to study these perceptual-cognitive processes in sports officials (Mann et al., 2007). Sports officials have played an essential and significant role in today's sports events since the emergence of modern athletics. They are appointed in most sporting competitions to ensure that the rules of the game are implemented (Bar-Eli et al., 2011). The sports officials are crucial in maintaining the fairness and impartiality of sporting events, and their activities directly affects the athletes' abilities. Indeed, perceptual-cognitive skills are just as important for sports officials as for athletes. Sports officials required to observe a large amount of information under strict time constrains, and use these information to make timely and accurate decision which are heavily scrutinized by athletes, coaches and spectators (Plessner and Haar, 2006). The main task of a sports official in a game is to accurately perceive complex situations, quickly process key cues, and consistently make correct and reasonable decisions (MacMahon et al., 2014). Perceptual-cognitive superiority in the sports domain can be assessed either in a sport-specific context representing the requirements of a competitive and realistic setting (domain-specific skills, such as decision-making performance) or by use of more generic tests with no direct link to the performance setting (domain-generic skills, such as local information processing; Spitz et al., 2018). Expert sports officials tend to perform better than non-experts on domain-specific tests, but have more complex results on domain-specific skills. The reason for the difference in the performance of expert and non-expert sports officials may be related to the anticipation of sports officials. Expert sports officials can rely on spatial or time anticipation to make predictions about the environment and determine behavior (Schrödter et al., 2023). Therefore, it is pivotal to examine how sports officials direct their vision to obtain information from the game, and subsequently make decisions at the perceptual-cognitive level, for a comprehensive assessment of their performance.

As previously noted, sports officials' decisions and predictions are affected by visual search behavior at the perceptual-cognitive level, enabling them to execute their activities with greater efficiency. Current academic research on sports officials' perceptual-cognitive skills, visual search behavior, and decision-making is considerably less prevalent than that of athletes. Although the total number of related studies is limited and their findings are inconclusive, certain scholars have experimentally demonstrated differences among sports officials in perceptual-cognitive skills and visual search behavior. Aghakhanpour et al. (2021) examined the decision-making and visual search patterns of fencing referees, revealing that expert referees demonstrated greater decision-making accuracy than novice referees. Furthermore, expert referees had fewer fixations and longer fixation duration compared to novice referees. Similar findings were discovered in Bard et al. (1980) research on gymnastics judges and Kostrna and Tenenbaum (2022) research on baseball umpires. However, studies by Hancock and Ste-Marie (2013) and Catteeuw et al. (2009) point out that there is no difference between expert and non-expert referees in visual search behavior. Ziv et al. (2020) conducted a review of sports officials' visual behavior in different sports. Their analysis of 12 studies showed that seven studies revealed variations in visual behavior among sports officials of different skill levels, while the remaining four studies found no differences. The authors suggested that sports officials display distinctive visual search patterns across various sport contexts and tasks. In fact, the decision-making demands of sports officials will also vary depending on the complexity of the task. To help explain the differences in sporting officials' performance demands, MacMahon classified officials by their respective movement, perceptual and competition interaction demands. This resulted in three specific groups of sports officials including, monitors (such as gymnastics judge), reactors (such as tennis line judge), and interactors (such as soccer referee; MacMahon et al., 2014). In these three types of sports officials, interactor have greater movement and fitness demands and are required to process multiple decision cues and interact with greater numbers of players. For example, interactors' decisions are often made under strict time and information constraints, require deep prior knowledge and efficiency in appraising and processing perceptual information, and involve a high degree of mental and physical fatigue (Kittel et al., 2021). Such complex demands may make the interactors inferior to the monitors and reactors in perceptual-cognitive performance. Although sports officials can be classified as interactors, monitors and reactors, further research is needed to clarify the specific differences in perceptual-cognitive skills between expert and non-expert sports officials.

Based on the above theories and background, the purpose of this study is to systematically compare and assess the differences in perceptual-cognitive skills between expert and non-expert sports officials, and further explore the potential differences caused by different types of sports officials, in order to provide a more comprehensive understanding of the perceptual-cognitive skills of sports officials. We applied meta-analysis to help us quantitatively evaluate specific differences in perceptual-cognitive skills between expert and non-expert sports officials. In addition, different types of sports officials face different task demands, which can lead to different criteria of decision-making and visual search strategies. Given that the type of sports official may be a potential factor affecting the perceptual-cognitive skills of experts and non-experts, we divided sports officials into interactors, reactors and monitors to further analyze and discuss according to MacMahon's classification.



2 Methods


2.1 Search strategies

The study protocol for this systematic review and meta-analysis was registered at PROSPERO with the registration number (CRD42023418594). To search as much relevant articles as possible, a systematic and comprehensive search was conducted in four English databases: Pubmed, Web of Science, EBSCO-SPORTDiscus, and EBSCO-MEDLINE. Specific search criteria were established following the PRISMA guidelines, the preferred report for systematic review and meta-analysis. Two independent researchers performed an initial screening of the titles and abstracts. Relevant articles published prior to 31st December 2022 was primarily searched. In each database, the keywords used when searching were as followed: (anticipation OR prediction OR decision-making OR expertise OR cue use OR information processing OR cognitive characteristics OR visual search OR visual attention OR visual fixation OR eye movement OR eye-tracking OR perceptual cognitive skills OR expert OR non-expert OR amateur OR novice OR elite) AND (referee OR judge OR judgment OR umpire OR official OR officiate). The detailed search process can be found in the Supplementary Table 1.



2.2 Inclusion and exclusion criteria

The study included the articles according to the following criteria: (1) Full-text articles. (2) Article published in English. (3) Articles must be based on an expert/non-expert paradigm and include both expert and non-expert groups. (4) Articles should report the sample size of the participants as well as the mean and standard deviation of the relevant metrics. In addition, the inclusion criteria of selected studies were based on the PICOS principle: P-participant, sports officials. I-intervention, experts with more expertise and experience. C-comparison, non-experts have less expertise and experience. O-outcome, results related to perceptual-cognitive skills include decision-making accuracy, number of fixation, and duration of fixation. S-study, study with expert/non-expert research paradigm.

Articles that does not meet the following criteria will also be excluded: (1) Means and standard errors for variables in the study are not reported. (2) Abstracts, research programme, news reports, dissertations, reviews and case reports from congress meetings or proceedings. (3) Literature for which the full text was not available or could not be downloaded.

The full text of studies that met the criteria was further reviewed by two independent researchers after an initial screening based on inclusion and exclusion criteria. If two researchers disagree on the assessment of the research literature reviewed, a third researcher is consulted and a decision made. A total of 16 eligible and relevant papers were finally included.



2.3 Outcome of assessment

This study selected decision-making accuracy, number of fixations, and duration of fixations as measurable indicators of perceptual-cognitive skills. The specific definition and measurement of these indicators are described below. The researchers of measured these indicators by recording participants' responses and visual characteristics when they watch the video clips identified by experts. Decision-making accuracy represents the frequency of producing in which an appropriate decision is made according to objective standards and task constraints. Decision-making performance are generally accepted as key indicators in domain of sports officials. Accuracy in included studies expressed as number of correct decisions or percentage of correct decisions. Moreover, number and duration of fixations as the indicators of visual search are measured by eye-tracking device.



2.4 Data extraction and analysis

For the eligible research literature, we extracted data on the name of the paper, type of campaign, subject profile, number of subjects, type of indicator, mean, and standard deviation. Furthermore, we referred to MacMahon's classification to divide sports officials into interactors (with high interaction and a large number of cues to process) such as soccer referee, monitors (with low interaction and a large number of cues to monitor) such as gymnastics judge, and reactors (with low interaction and a low number of cues to track) such as tennis line judge (MacMahon et al., 2014). For those studies that conducted more than two groups of experiments (e.g., expert group, intermediate group, and non-expert group), we mainly extracted and analyzed data from the highest and lowest levels of groups. When reviewing the full text and extracting data, we applied the modified Methodological Index for Non-Randomized Studies (MINORS) to systematically assess the reliability and validity of the full text (Slim et al., 2003; Supplementary Tables 2, 3). Meta-analyses were then performed using Review Manager 5.4 to quantitatively compare the effect size (SMD: standardized mean difference) between the two groups. According to Cohen's criteria for evaluating effect sizes: an effect size < 0.2 is a small effect, between 0.2 and 0.8 is a medium effect, and >0.8 is a large effect size (Rice and Harris, 2005). For each outcome, we calculated a weighted mean effect size and a 95% confidence interval (95% CI) for the mean to confirm whether the effect value was significantly different from zero. Higgins' I2 was also calculated to measure the degree of heterogeneity in effect sizes. If I2 ≤ 50%, a fixed effects model is selected; if I2 > 50%, a random-effects model is selected. In addition, publication bias was visually assessed by creating funnel plots (a simple scatter plot that reflects estimated effects of a single study with a given sample size) using Review Manager, and the risk of publication bias was further assessed by performing an Egger regression test on outcomes containing 10 or more studies using Stata 12.0. For all statistical tests, a two-sided P < 0.05 was considered statistically significant.




3 Result

With a systematic search of several databases, a total of 1,799 relevant studies were retrieved. After careful reading and evaluation of the full text, a total of 16 studies were selected for inclusion (Figure 1). Among the included studies, football was the most commonly sport (6 studies), followed by gymnastics (2 studies) and rugby (2 studies). While basketball, fencing, ice hockey, cricket, Behind-the-plate baseball, and fast-pitch softball had only one study. More than half of the studies examined the decision-making accuracy (10 studies), number of fixations (10 studies), and duration of fixations (10 studies) of expert and non-expert sports officials (Table 1).


[image: Flowchart detailing study identification and selection from databases. Begins with 1,799 records; 505 removed as duplicates and 72 by automation. After screening 1,294 records, 20 were assessed for eligibility; 4 excluded, leaving 16 studies included in the review.]
FIGURE 1
 PRISMA flow diagram.



TABLE 1 Characteristics and effect sizes of included studies.

[image: A detailed table compares various studies on sports officials. It includes references, types of sports and officials, participant numbers, indicators, and values (mean ± standard deviation). Sports range from rugby to gymnastics, with roles like interactors and monitors. Indicators measured include accuracy, number of fixations, and fixation duration, with values given for both experimental and non-experimental groups. Each study is presented with a specific set of data and statistical outcomes reflecting diverse sports contexts.]


3.1 Analysis of decision-making accuracy

The data of accuracy came from 10 studies involving 203 experts and 217 non-experts. After testing for heterogeneity, the heterogeneity of the studies was found to be high (I2 = 85%; P < 0.05), so a random effects model was chosen for the meta-analysis. The results showed a large effect size between the two groups, with an effect of 1.09 (95% CI: 0.52, 1.66; P < 0.05; Figure 2). It suggests that there is a significant difference in accuracy between expert and non-expert sports officials, with expert sports officials being significantly more accurate in their decision-making than non-expert sports officials. A visual assessment of the funnel plot revealed a possible publication bias (Figure 3). However, an Egger's test was performed and found that P = 0.124 was not statistically significant, implying that there was no publication bias.


[image: Forest plot comparing the performance of experts versus non-experts across multiple studies. Each study is represented with its standard mean difference and confidence intervals, shown as green squares with horizontal lines. The overall effect demonstrates a favorable outcome for experts, with the diamond shape indicating the combined result. Heterogeneity statistics are provided at the bottom.]
FIGURE 2
 Forest plot of decision-making accuracy.



[image: Scatter plot showing a funnel plot with data points scattered around a vertical blue dotted line at zero on the x-axis. The x-axis is labeled "SMD," and the y-axis is labeled "SE(SMD)." The plot displays asymmetry with more points on the right side.]
FIGURE 3
 Funnel plot of decision-making accuracy.




3.2 Analysis of number of fixations

The data on the number of fixations came from 10 studies involving 158 experts and 181 non-experts. After testing for heterogeneity, it was found that there was a high degree of heterogeneity between studies (I2 = 80%; P < 0.05), so a random effects model was chosen for the meta-analysis. The results showed that there was a significant difference between expert and non-expert sports officials in the number of fixations, with expert sports officials having fewer fixations than non-expert sports officials. The effect size between the two groups was a medium effect, with an effect of −0.71 (95% CI: −1.25, −0.17; P < 0.05; Figure 4). After observing the funnel plot, it seems there might be a slight publication bias (Figure 5). However, the Egger's test indicates that a statistically insignificant P-value of 0.276 precludes the presence of publication bias.


[image: Forest plot showing the standardized mean differences between experts and non-experts across multiple studies. Each study is listed with its mean, standard deviation, total, and weight. The plot includes confidence intervals, with the overall effect size indicated by a diamond at -0.71, favoring experts. Heterogeneity statistics and a test for overall effect are provided.]
FIGURE 4
 Forest plot of number of fixations.



[image: Funnel plot illustrating the standard error (SE) of the standardized mean difference (SMD) against the SMD. Individual data points are scattered around a vertical reference line at SMD equals zero, indicating variability and possible publication bias.]
FIGURE 5
 Funnel plot of number of fixations.




3.3 Analysis of duration of fixations

The data on the duration of fixations came from 10 studies involving 164 experts and 193 non-experts. After testing for heterogeneity, it was found that there was a high degree of heterogeneity between studies (I2 = 76%; P < 0.05), so a random effects model was chosen for the meta-analysis. The results showed that there was no significant difference in duration of fixations between the expert and non-expert sports officials, with an effect size of 0.23 (95% CI: −0.25, 0.71; P = 0.35; Figure 6). After observing the funnel plot, it was felt that there was no publication bias (Figure 7). Egger's test was also performed and it was found that P = 0.956 was not statistically significant and therefore there was no publication bias.


[image: Forest plot depicting a meta-analysis of studies comparing experts and non-experts. Studies are listed with their mean differences and confidence intervals. A horizontal line represents each study’s confidence interval, with a diamond showing the overall effect size. Some studies favor experts, indicated by lines on the right, while others show no significant difference. Heterogeneity statistics are provided at the bottom.]
FIGURE 6
 Forest plot of duration of fixations.



[image: Funnel plot displaying circles representing data points. The vertical axis is labeled SE(SMD), and the horizontal axis is labeled SMD. A dotted vertical line is centered at zero, with circles dispersed around it, suggesting potential heterogeneity or publication bias.]
FIGURE 7
 Funnel plot of duration of fixations.




3.4 Subgroup analysis

Sports officials were categorized into interactors, monitors and reactors according to MacMahon and Plessner (2007)'s classification, thus dividing the studies into three groups for analysis (Table 2). Among the studies included, there were 13 studies on interactors and three studies on monitors, with no studies on reactors. In the subgroup analyses we can find that there are some differences in the perceptual-cognitive skills of the various types of sports officials. In terms of accuracy, experts of interactors (SMD: 0.93; 95% CI: 0.39, 1.48) showed higher accuracy compared to non-experts. Furthermore, the difference in accuracy between experts and non-experts of monitors is greater than interactors. In terms of number of fixations, there are some differences between different types of sports officials. The experts of monitors showed fewer fixations compared to non-experts, with a medium effect size (SMD: −0.50; 95% CI: −0.91, −0.10). But there was no significant difference between the two groups of interactors (SMD: −0.75; 95% CI: −1.54, 0.03). In the terms of duration of fixations, there was no significant difference between experts and non-experts in both interactors (SMD: −0.01; 95% CI: −0.63, 0.61) and monitors (SMD: 0.66; 95% CI: −0.04, 1.35).


TABLE 2 Results of subgroup analyses.

[image: A table comparing sports officials categorized as Interactors and Monitors across three variables: decision-making accuracy, number of fixations, and duration of fixations. For decision-making accuracy, Interactors have nine studies with an SMD of 0.93 and Monitors have one study with an SMD of 3.17, both with P < 0.05. For the number of fixations, Interactors have seven studies with an SMD of -0.75 and P = 0.06, while Monitors have three studies with an SMD of -0.50 and P < 0.05. For the duration of fixations, Interactors have eight studies with an SMD of -0.01 and P = 0.96, while Monitors have two studies with an SMD of 0.66 and P = 0.06. The I² values for heterogeneity are provided for each variable.]




4 Discussion


4.1 Characteristics of difference in perceptual-cognitive skills

The purpose of this study is to systematically compare and assess the differences in perceptual-cognitive skills between expert and non-expert sports officials, and further explore the potential differences caused by different types of sports officials, in order to provide a more comprehensive understanding of the perceptual-cognitive skills of sports officials. To confirm the situation of differences between the expert and non-expert sports officials, we examined three main indicators: decision-making accuracy, number of fixations and duration of fixations. We conducted a systematic review and meta-analysis of the relevant literature to quantitatively synthesize the data from relevant studies to reveal the characteristics and reasons for the specific differences in perceptual-cognitive skills between expert and non-expert sports officials. The results of the study showed that there was a significant difference between expert and non-expert sports officials in terms of decision-making accuracy and number of fixations, but not in terms of duration of fixations.

Accuracy directly reflects the sports officials' competence and level of performance, and is a direct indicator for evaluating sports officials. The findings on accuracy are similar to the previous studies, and many researchers have confirmed that expert sports officials are more accurate than non-expert sports officials when making decisions (Spitz et al., 2018; Moore et al., 2019). We found that expert sports officials were significantly more accurate than non-expert sports officials and had a large effect sizes, suggesting that expert sports officials are able to use their expertise to make more accurate decisions based on objective criteria when officiating. Aghakhanpour et al. (2021) found that the number of correct decisions made by expert sports officials was significantly higher than novice sports officials, and argue that the time and experience that expert sports officials have gained over the years can help them to pick up a number of favorable cues by observing the movements of the athletes. Kostrna and Tenenbaum (2022) also argued that expert sports officials are able to develop better mental representations and more effective information processing strategies through training, resulting in more accurate decisions than novice sports officials. Taken together, accuracy seem to serve as an important indicator for measuring and distinguishing expert sports officials from non-expert sports officials.

The number of fixations reflects the sports official's proficiency in the perceptual task as well as the level of visual information collection and stability of visual control, with fewer fixations indicating that the sports official is more efficient at extracting information. The results demonstrate that the number of fixations made by expert sports officials is significantly lower than that of non-expert sports officials, implying that expert sports officials employ a more efficient visual search strategy. In the field of cognitive psychology, the strategy of visual search has long been an important tool to study the cognitive characteristics (Wilschut et al., 2014). In the study of athletes' visual search strategies, it was discovered that the number of fixations decreased as the level of athleticism increased. The reduction in the number of fixations by expert athletes is related to the perceptual-cognitive advantage they have developed over long periods of training and competition (Williams et al., 2012). This perceptual-cognitive advantage enabled expert athletes to conduct effective visual searches, thus focusing on the important and critical areas of information in the motor situation, which ultimately leads to fewer number of fixations. Similarly for sports officials, such a perceptual-cognitive advantage increases with the sports officials' level of officiating, resulting in fewer fixations and more efficient information extraction.

However, the result of duration of fixations in this study did not show significant differences and do not support the previously stated hypothesis that expert sports officials have longer duration of fixations. The duration of fixations reflects the efficiency of the sports official's attention allocation and information processing. Typically, longer duration of fixations result in greater extraction of information from the target, facilitating more accurate and rational decision-making. It has been suggested that the fixations of expert sports officials is characterized by longer duration, indicating that they are able to extract more relevant task information from each fixation (Mann et al., 2007). However, this conclusion is not always corroborated. As the perceptual-cognitive strategies of novice sports officials are not well-developed, it often takes longer duration of fixations to extract the information for making a decision (Mann et al., 2019). There is research even indicating that high sustained attention are not crucial skills and are not important for expert sports officials (Spitz et al., 2018). This also means that duration of fixations is not yet a valid indicator for distinguishing between expert and non-expert sports officials.



4.2 Reason of difference in perceptual-cognitive skills

MacMahon et al. (2014) had composed a decision-making model for sports officials and argued that perception is the first step in the whole decision-making process, followed by information categorization and integration, and finally the appropriate decision is made. The sports officials must continually perceive the information on the field of play (including the environment, athletes, and even colleagues), and use specific visual search strategies to collect relevant information while ignoring irrelevant information that may disrupt decision-making (Helsen and Bultynck, 2004). It is indisputable that the sport official's perceptual-cognitive skills, as a crucial element of early information collection in the decision-making process, are critical to make accurate and efficient decisions.

The results of the study show that there are significant differences in accuracy and the number of fixations between expert and non-expert sports officials, indicating the variance in their perceptual-cognitive skills. The perceptual-cognitive advantage possessed by expert sports officials can assist them in making more accurate decisions and optimizing their visual search strategy when officiating to some degree. In recent years, researchers have extensively utilized eye-tracking device to investigate the perceptual-cognitive skills of sports officials, trying to determine the primary factors causing differences in such skills. After conducting a systematic review of relevant literature, we propose four potential factors that may influence the perceptual-cognitive skills of sports officials.

Firstly, we argue that task anticipation behavior of sports officials leads to differences in information perception. Expert sports officials can exhibit more superior perceptual-cognitive skills than non-expert sports officials due to their abundant reserves of professional expertise and extensive experience. Having accumulated such experience, expert sports officials are able to generate specific knowledge and perceptual skills in the areas they are familiar with, which facilitate the gathering and processing of information in their officiating process. This ability not only helps them to make better decisions, but also to make efficient and accurate anticipations (Ericsson and Kintsch, 1995). Anticipation is the act of expecting or predicting what may happen in the future based on prior knowledge, experience, or intuition. It has been shown that anticipation allows experts to expend fewer resources and use more effective visual search strategies to scan relevant environmental information (Mann et al., 2007). Expert athletes can alleviate the time constraints of the task by making faster and more accurate decisions than non-experts through their outstanding predictions. Likewise, expert sports officials also can perceive and process information on the field of play earlier with the help of anticipation (Williams et al., 2002). As a result, sports officials can direct their vision earlier, concentrating on zones where potential fouls may occur, ultimately decreasing the number of fixations and improving decision-making accuracy. In contrast, non-expert sports officials displayed limited knowledge and experience, leading to extensive information gathering through various visual search behavior. This in turn resulted in more fixations and lower efficiency in collecting information, ultimately lowering decision-making accuracy.

Secondly, we argue that different methods of memory retrieval lead to differences in information processing. When officiating, sports officials sometimes draw on their own memories of previous events to generate responses that help them to better perceive and process information. Previous research has shown that experts appear to be able to retain experience and knowledge from training and competition in long-term memory. They can quickly extract information when necessary to perform actions with speed and accuracy (Ericsson and Chase, 1982). Plessner and Haar (2006) in their finding of OSDMM (Official's Specific Decision-Making Model) also mentioned that the process of decision-making by sport official begins with the official perceiving the stimulus. Next, the stimulus is encoded, interpreted, and categorized, assisted by long-term memory. Then, the sports officials integrates the perceived stimulus and information with their retrieved memories and any additional information into decision-making. Furthermore, as performers become more expert, they have been shown to be able to use their working memory more effectively (Ericsson, 2008). As expert sports officials will usually have more experience, they will develop more refined information retrieval strategies and processing methods. Expert sports officials are able to extract relevant information from long-term memory more efficiently when confronted with comparable situations, directing their visual attention and making accurate decisions. Thus, expert sports officials demonstrate fewer fixations and higher decision-making accuracy. In contrast, non-expert sports officials have less officiating experience, limited content stored in long-term memory, and rely on more random visual behavior to collect information when faced with unfamiliar and complex tasks.

Thirdly, we argue that information reduction strategy lead to differences in sources of information. Some scholars have attempted to explain differences in perceptual-cognitive skills between experts and non-experts using the information-reduction hypothesis (Haider and Frensch, 1999). This hypothesis suggests that experts are able to optimize the amount of information processed through selective gaze behavior, ignoring task-irrelevant information and actively focusing on task-relevant information. In most sports, sports officials are often required to make accurate and reasonable decisions in a relatively short period of time, but complex tasks and time constraints can make sports officials' decision-making behavior extremely difficult. In such time-constrained tasks, experts are better able to distinguish between relevant and irrelevant sources of information and focus their attention on the most important sources of information (Brams et al., 2019). Expert sports officials have learned over many years of officiating experience to use targeted visual search strategies to ignore irrelevant cues in the task, selectively focusing on task-relevant information to reduce and optimize the amount of information they have to process. The lower number of fixations demonstrated by experts is because they reduce the information-processing load and minimize the need for sensory input to create a coherent perception of the task situation (Aghakhanpour et al., 2021).

Fourthly, it has been proposed that differences in perceptual-cognitive skills are linked to the particular sport and task nature. The perceptual-cognitive demands on sports officials vary from sport to sport. In order to reduce the impact of item differences, we used MacMahon's classification of sports officials to further compare and analyze the perceptual-cognitive skills of expert and non-expert sports officials (MacMahon and Plessner, 2007). MacMahon categorized sports officials into interactors, monitors, and reactors based on two main aspects: the amount of interaction with athletes and movement demands, and in the number of cues being observed. Interactors with high interaction and physical movement demands and often a large number of cues to process, such as soccer and basketball referees. Monitors with low to medium interaction and physical demands, but often a medium to large number of cues to monitor, such as volleyball and gymnastics judges. Reactors with low interaction and movement demands and a low to medium number of cues to track, such as tennis line judges. Among these three categories of sports officials, reactors make judgment based on objective facts without any involvement of perceptual-cognitive skills in the process of adjudication. As a result, there is limited academic research on the perceptual-cognitive skills of reactor, and we will not discuss this type of sports official in our study. Our findings confirm that the type of sports officials does not affect accuracy and duration of fixations. However, accuracy can be used as a useful parameter to differentiate between expert and non-expert decision-making performance, while duration of fixation does not. The results concerning number of fixations indicate that interactors and monitors exhibit different perceptual-cognitive skills due to the task's particular nature. Interactors need to pay attention to a large number of different targets and cues, in addition to frequent movements and interactions during officiating. This also renders the visual search task of such sports officials more intricate, with greater uncertainty in decision-making. In conclusion, differences in sports do result in differences in the perceptual-cognitive skills of sports officials. Therefore, the specifics of the sport need to be taken into account when evaluating the perceptual-cognitive skills of sports officials.

Furthermore, differences in perceptual-cognitive skills of sports officials may also be influenced by other factors. Such as the type of stimulus and the presentation of decision clips. Different types of stimuli and presentation may cause sports officials to perceive and extract different information when watching the materials. This study focuses on the potential impact of the types of sports officials, but future studies are needed to explore the effects of other factors on the perceptual-cognitive skills of expert and non-expert sports officials.




5 Conclusion

This study employed meta-analysis to comprehensively analyze and compare the perceptual-cognitive skills of expert and non-expert sports officials. The results of the study show that accuracy can be an important indicator of perceptual-cognitive skills in distinguishing expert and non-expert sports officials. Number of fixations can be important factors of perceptual-cognitive skills in distinguishing between experts and non-experts in sport monitors, and the perceptual-cognitive skills of experts are significantly better than those of non-experts in this type of sports official. As MacMahon states, perceptual-cognitive skills are crucial in sports officials and are being emphasized by a growing number of scholars. The training and development of sports officials can try to start from the perceptual-cognitive skills to improve the efficiency of sports officials in information collection and processing, thus helping them to make timely and accurate decisions more efficiently.



6 Limitations and future directions

This study has the following three limitations. Firstly, the sample size included in the study was limited, which to some extent may have made the results statistically insignificant. Secondly, the inclusion of multiple sports in this study and the different definitions of “expert” and “non-expert” sports officials in different studies resulted in a high degree of heterogeneity between the included studies. Although we used MacMahon's classification of sports officials to group the studies, we could not completely eliminate the heterogeneity between studies. Thirdly, most of the studies included in this review were tested in a laboratory setting, and the data collected may have differed from reality. Future research into the perceptual-cognitive skills of sports officials can be considered in the following areas. Firstly, different eye movement indicators were selected as outcome variables to further explore the characteristics of sports officials' gaze behavior. Secondly, a specific sport was used as the object of the study to explore the differences in perceptual-cognitive skills of different sports officials in the same sport. Thirdly, other potential factors that may influence the perceptual-cognitive skills of expert sports officials, such as the testing environment, measurement tools and presentation of clips, can be further explored.
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Introduction: This study aimed to examine perceptual-cognitive skills across age, gender and elite levels of badminton adolescent athletes.
Methods: A total of 57 badminton athletes divided into junior high school athletes (age = 13.36 ± 1.14 years, females = 22, males = 11) and senior high school athletes (age = 16.25 ± 0.84 years, females = 11, males = 13) were evaluated using a cognitive component skills approach. Elite levels were classified as semi-elite (n = 29, score = 3.23) and competitive elite (n = 28, score = 5.84) levels. Each group completed a cognitive test, including an evaluation of their capacity for Corsi block-tapping (CCT) and spatial priming tasks (SPT).
Results: No gender effects were found in the perceptual skills of the adolescent players, and the age effect was consistent across gender. For the elite levels, the perceptual-cognitive skills of SPT of reaction time was performed equally in the groups of semi-elite and competitive players, however, in the CCT Span of working-memory (WM), competitive-elite players outperformed semi-elite players.
Conclusion: We found that perceptual-cognitive skills of WM play crucial roles in the open-skill sports of badminton. Thus, when developing advanced skills to higher elite levels in adolescent players, perceptual-cognitive skills should be considered.
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1 Introduction

Elite athletes typically exhibit superior perceptual and cognitive skills compared to semi-elite athletes or nonathletes owing to the physical training and cognitive stimulation provided by sports (Alves et al., 2013). Elite athletes gain a competitive edge by developing cognitive skills and strategies through deliberate practice, enhancing their ability to process information more efficiently (Eccles, 2006; Ericsson, 2006; Furley et al., 2015). Studies conducted over time have shown that sports experts have greater perceptual-cognitive skills in picking up information (Mann et al., 2007). Furthermore, types of sports in terms of open or closed skills (Schmidt et al., 2018) may affect neurocognition, which is a crucial element for efficient elite levels (Eccles, 2006; Ericsson, 2006; Furley P. and Memmert, 2010), specifically in open-skill sports, the distinctive neurocognitive changes are induced by sports types (Mann et al., 2007; Tsai et al., 2017; Hung et al., 2018). Badminton, classified as an open-skill sport (Goodway et al., 2021), can be mastered at the elite level by refining various stroke strategies. This sport demands rapid judgment, which in turn fine-tunes the tactical decision-making process of the human brain, thereby optimizing performance. This allows confident decisions to be made within seconds (Shaw, 1989). In perceptual and cognitive studies relative to badminton, Jin et al. (2011) suggested that badminton players have higher C1 wave amplitudes, reflecting their correct decision-making and anticipatory abilities. Wang et al. (2015) argued that badminton players perform better in basic visuospatial cognitive operations than nonathletes. Furthermore, Hung et al. (2018) studied acute running and badminton exercises and found that badminton exercise has a relative impact on Brain-Derived Neurotrophic Factor (BDNF) and executive function.

Similar to other sports, badminton success requires both physical and perceptual abilities. Advanced perceptual skills must be developed to ensure that the execution of skills is both effective and proficient, one needs to have advanced perceptual skills (Mori et al., 2002). Recent studies and theoretical developments in the fields of cognitive science and neuroscience have identified positive correlations between complex cognitive functions and attention, selective attention, and working-memory (WM) (Kane et al., 2001; Kane and Engle, 2003). These functions are recognized as interrelated fundamental cognitive processes (Ku, 2018) and share similar underlying neural mechanisms. In sports, the effectiveness of attentional resource transitions often plays a critical role in competitive sports, and elite athletes appear to be able to operate efficiently in the transition of information processing (Eccles, 2006; Ericsson, 2006; Furley P. and Memmert, 2010), allowing motor skills to be performed appropriately. A meta-analysis of studies of athletes of different skill levels revealed that athletes with higher skill levels performed better cognitive skills than athletes with lower skill levels (Tomporowski and Pesce, 2019), however, the elements of cognitive skills in the higher skills athletes have not yet clear (Kalén et al., 2021).

The WM model not only facilitates information storage but also integrates cognitive control and attention mechanisms (Baddeley, 1992; Baddeley, 2003), allowing the model to incorporate complex behaviors and their underlying processes. Athletes’ performance is influenced by their WM capacity when engaging in two attention-demanding tasks when executing a motor action while processing external stimuli. Other studies have demonstrated a reciprocal relationship between attention and WM (Furley P. A. and Memmert, 2010; Furley and Wood, 2016).

Attention encompasses all cognitive processes and regulates the activation of internal and external representations (Posner and Petersen, 1990; Knudsen, 2007). This regulation could allow the outsources of stimuli to enter the WM (Atkinson and Shiffrin, 1968), and WM influences attentional control (Soto and Humphreys, 2007). In this way, higher WM capacity can be preserved as active memory. Therefore, WM plays a crucial role in the comprehension of human cognition in real-life contexts. Empirical studies on athletes support the role of WM in decision-making, which relies on controlled attention (Furley and Memmert, 2012). Furley and Memmert (2013) provided evidence that WM plays a crucial role in directing and allocating attention in athletes. In addition, the WM capacity indicates an individual’s ability to control attention across domains (Kane et al., 2007).

WM is a cognitive system comprising multiple elements. This system incorporates the executive in the center, along with two subsidiary mechanisms: the phonological loop and the visuospatial sketchpad (Baddeley and Hitch, 1974; Baddeley, 1992; Baddeley, 2003; Baddeley, 2007). They argued that WM not only accurately predicts a person’s ability to control their attention but also those who may falter in high stress during the games (Furley and Memmert, 2012). Conversely, those with low WM struggled to adapt their strategies to meet the game’s demands, and those who scored high on WM evaluations displayed a heightened ability to concentrate. Supported by empirical studies on athletes, WM capacity plays a role in decision-making in tactical games, which depends on controlled attention (Furley and Memmert, 2012). Some researchers have argued that sports experts do not achieve higher WM scores (Furley and Wood, 2016; Buszard and Masters, 2018). However, researchers have not differentiated their findings across expertise (Swann et al., 2015).

In the context of performance, the computer-based findings of Furley and Memmert (2012) suggest that WM can predict the ability to resolve response competitions. Athletes’ performance prediction may be related to their better selective attention (Abernethy, 1988; Schumacher et al., 2018), focusing on crucial information and performing cognitive processing in a complex environment (Johnston and Dark, 1986). However, some studies have demonstrated that basketball players perform the same cognitive skills as nonathletes (Furley P. and Memmert, 2010); further research should clarify these mechanisms.

Regarding the maturation of athletes’ age of development, studies indicated that age affects the reaction time (RT) in the different age groups. According to Petrakis (1985), 10-year-old players achieved faster detection time compared to 8-year-olds. Benguigui and Ripoll (1998) stated that age affects the timing of the initiation of the response, and RT decreases as age increases into adulthood. Williams et al. (2002) examined youth tennis players at different age levels and showed that the younger age groups performed slower response initiation times than the older groups. On the other hand, when consider gender effect in RT, research indicates that between the ages of 4 and 9, hormonal differences lead to boys having faster detection times than girls (Petrakis, 1985). This advantage continues into adulthood, with males consistently outperforming females in detection tasks (Brady, 1996; Caccese et al., 2020). As mentioned above, both age and gender significantly influence RT.

From the perspective of working memory, considering the effects of gender and age, Tremblay et al. (2022) found significant differences among youth athletes in terms of body measurement, elite levels, and perceptual and cognitive skills. Ward and Williams (2003) found that in terms of cognitive skills related to working memory, age was a more reliable predictor of structured memory recall than motor ability. Similarly, Farrell Pagulayan et al. (2006) identified significant differences based on grade, reinforcing the influence of age on memory performance. Neuroscientific research indicates gender differences in WM, which are seen in the activation patterns: females predominantly activate the limbic and prefrontal areas in contrast to males, who demonstrate a more dispersed activation pattern, notably in the parietal areas (Hill et al., 2014). Considering gender in growth and development, the rapid growth stage of height in females is at 11 years of age, and after 16 years of age, height development enters the end stage, it can be seen that the growth and maturation of female in adolescent, female athletes is faster than that of male athletes in the adolescent stage (Goodway et al., 2021). Nevertheless, the research of WM in adolescents found no significant gender differences (Farrell Pagulayan et al., 2006; Rigoli et al., 2012); Research by Rigoli et al. (2012) examining motor coordination, academic achievement, and working memory (WM) found no gender differences among adolescent participants. Similarly, Farrell Pagulayan et al. (2006) reported no significant gender effects in their study. Moreover, studies have indicated that adult males respond more quickly to WM tasks, with no observed differences in accuracy between the gender (Loring-Meier and Halpern, 1999).

As previously stated, studies investigating RT and WM in badminton athletes have revealed that various factors, including age, gender, influence the perceptual-cognitive skills (Brady, 1996; Loring-Meier and Halpern, 1999; Farrell Pagulayan et al., 2006; Caccese et al., 2020). Furthermore, only a few articles have assessed cognitive skills in childhood and adolescence to identify their role in the field of sports (Ward and Williams, 2003; Ishihara et al., 2019; Murr et al., 2021) and future sporting success (Kalén et al., 2021). Further studies should incorporate controls for age-difference groups with high fitness levels to enable meaningful comparisons (Hillman et al., 2008, 2015).

To the best of our knowledge, no previous research has investigated the perceptual-cognitive skills of experienced badminton players with regard to gender, age and elite levels among student-athletes. Therefore, this study aimed to examine the effects of age and gender in adolescent badminton players on perceptual and cognitive skills in RT and WM. Additionally, we explored whether elite levels could be influenced by perceptual and cognitive skills.

Based on our findings, we hypothesized that age and gender impact perceptual-cognitive skills in adolescent, and that badminton athletes with greater perceptual and cognitive skills exhibit better elite levels.



2 Materials and methods


2.1 Participants

A total of 57 adolescent badminton athletes were recruited. The participants were divided into two main groups based on academic levels, reflecting their developmental stages (males rapid growth in 16–18 years with senior high stage, females rapid growth in 13–16 years with junior high stage), with consideration for gender-specific growth patterns. In Taiwan, this approach extends to badminton competition and promotes fairness by acknowledging these differences. The junior high school group consisted of adolescent athletes who averaged 13.36 ± 1.14 years in age, with 22 females and 11 males, while senior high school group averaging 16.5 ± 0.84 years in age comprised 11 females and 13 males. This study was conducted in accordance with the Declaration of Helsinki and approved by the Institutional Review Board of the University of Taipei (protocol code: UT-IRB No. IRB-2020-073, February 9, 2021–2024) and received written informed consent from the participants’ legal guardians.



2.2 Procedures

All participants were tested in a laboratory and the experiment lasted for approximately 40 min. Prior to the test session, the participants were required to complete a questionnaire. Badminton players answer these questions to obtain scores, which are then used the formula by Swann et al. (2015) to calculate their competitive scores. All participants responded on a 1,428.4 × 803.5 mm and 8 ms display to acquire reaction times. The testing methods for spatial priming and WM capacity are described as the cognitive component test section.


2.2.1 Classify the athlete’s elite levels

In this questionnaire, they were asked to rate their sport performance based on their career competition results and using the classification developed by Swann et al. (2015) for adolescent players, in which competitive scores were calculated as per the existing literature. The competitive scores of adolescent athletes are judged based on researcher questions developed by Swann et al. (2015), which consist of two parts: competition within the athlete’s country and competition within the sport globally. In a country, an elite athlete’s status is determined by the level of competition within their sport, depending on factors such as the country’s size and the sport’s popularity. Similarly, global competition in the sport determines an athlete’s status, considering the number of competitors worldwide and the effort required to excel. The resulting scores were subsequently classified as follows: 1–4 = Semi-Elite athletes, 4–8 = Competitive Elite athletes, 8–12 = Successful Elite athletes, and 12–16 = World-Class Elite athletes. Table 1 contains the elite levels and scores of the participants. The higher level of the elite, the higher the score the athlete received.



TABLE 1 Elite levels scores of age and gender badminton players.
[image: Table showing age, gender, and training years of junior and senior athletes with corresponding levels of elite scores. Junior female players (22) are aged 13.64, trained 6.29 years, mostly semi-elite. Junior male players (11) are aged 12.82, trained 4.27 years, mostly semi-elite. Senior female players (11) are aged 16.73, trained 8.77 years, mostly competitive elite. Senior male players (13) are aged 15.85, trained 8.84 years, competitive elite. Elite levels from Swann et al. (2015).]



2.2.2 Cognitive component test


2.2.2.1 Spatial priming task: reaction time

SPT evaluates rapid attention and response switching in a changing signal. The experimental procedure was a SPT from a The Psychology Experiment Building Language (PEBL) test battery (Mueller and Piper, 2014). Correlations have been observed between RT and perceptual speed (Carlson et al., 1983); thus, we used a SPT of RT to test athletes’ attention ability. In this program, the participants were presented with a 3 × 3 array of squares on a screen. Whenever the program was executed, it ran a total of 54 trials, according to Nelson (2013) PEBL technical report 2013-1, there are significant difference between five conditions. During each trial, the participants were instructed to respond with both speed and precision when one of the nine squares turned blue (target square). Before the target square appeared, one of the squares briefly flashed yellow (visual cue). The cue was not always in the same location as the target square, and the SPT measurement variables were as follows: in some trials, there was no cue (NC), the cue appeared in the same row (SR), the cue appeared in the same column (SC), the cue appeared in the same square (SS), and the cue appeared in a different row and column (OS). A total of 54 trials were conducted each time the program was conducted. Thus, we can compare the cueing conditions with research conducted using this task in other subjects, specifically in different sports.



2.2.2.2 Working-memory: capacity of Corsi block-tapping

Widespread usage in cognitive psychology is found in the operation, counting, and reading span tasks (Conway et al., 2005). Counting span tasks to assess working memory. These tasks typically require multiple subcomponents of executive functions (Diamond, 2013). In the present study, the Corsi block-tapping task (CCT) served as a measure of spatial ability. This task demonstrates the sensitivity of the dependent measure, which has been previously employed to assess developmental differences among children and adolescents (Farrell Pagulayan et al., 2006), Additionally, it has been applied in the field of sports (Furley P. and Memmert, 2010). To assess WM capacity, we used the Spatial Working Memory (SWM) task, a computerized version of the CCT. The participants reproduced the color-changing sequences by touching the corresponding boxes on the screen. The task began with a two-box sequence and advanced to nine boxes. The outcome measure is the span length, which indicates WM capacity. The (CCT) includes variables such as Block Span (BS), Total Score (TS), Total Correct Trials (TC), and Memory Span (MS).





2.3 Statistical analysis

We used a two-way MANOVA for measures, with gender and age as independent variables and within the SPT task as dependent variables. Wilks’ lambda values for group differences in a set of dependent variables were determined (Tabachnick et al., 2013). Similarly, a two-way MANOVA was used for the task of the CCT, and we examined the main effects and interactions of both gender and age. Effect sizes were expressed as partial eta-squared values in MANOVA (small ≥0.01, medium ≥0.06, large ≥0.14), with Cohen’s d (small ≥0.2, medium ≥0.5, large ≥0.8) indicating mean group differences. Significance was set at 0.05 (Cohen, 2013). The groups of elite levels were divided into semi-elite and competitive-elite categories, with age serving as a significant factor. Therefore, the MANCOVAs were employed to analyze the association between WM and the same statistical method was used for spatial priming tasks. Based on the classification devised by Swann et al. (2015), the elite levels of youth athletes was divided into two groups: semi-elite and competitive-elite. SPSS Statistics software (version 26) was used to analyze the data, and the significance level was set at p < 0.05.




3 Result

The normality of the distribution of continuous variables was assessed using the Kolmogorov–Smirnov (K–S) Normality Test, which revealed that the SPT outcomes did not significantly deviate from a normal distribution (p > 0.05). In the CCT, the normality of the distribution was rejected (p < 0.05). so a generalized rank-order method for nonparametric two-way MANOVA testing of CCT data was used (Thomas et al., 1999). Reliability of within-subject variation in SPT typical error is 58.32 (10%); CCT typical error is 1.024 (14%) (Hopkins, 2000).

In the SPT task, the MANOVA revealed no significant main effect for the SPT of gender, with Wilks’ lambda = 0.872, F (5, 49) = 1.432, p = 0.22, η2 = 0.128 and Observed power = 0.46; male and female players revealed the same RT. Consequently, the significant main effect of age was observed with Wilks’ lambda = 0.800, F (5, 49) = 2.445, p = 0.047, η2 = 0.20, and Observed power = 0.72, indicating that senior high badminton players revealed faster RT than junior high players did. There was no significant interaction between gender and age group with Wilks’ lambda = 0.836, F (5, 49) = 1.927, p = 0.107, η2 = 0.164, and Observed power = 0.60. Group performance of SPT is shown in Table 2 and Figure 1. In the CCT task, there are no significant main effect in non-parametric MANOVA tested in gender, Wilks’ lambda = 0.977, F (3, 51) = 0.394, p = 0.758, η2 = 0.02, Observed power = 0.12, Male and Female players revealed the same span of CCT task, subsequently, age effect in Wilks’ lambda = 0.756, F (3, 51) = 5.489, p = 0.002, η2 = 0.244, Observed power = 0.92, senior high badminton player revealed longer CCT Span than junior high players, and no interaction between gender and age factors, Wilks’ lambda = 0.990, F (3, 51) = 0.177, p = 0.911, η2 = 0.010, Observed power = 0.81, respectively, groups performance of CCT are shown in Table 3 and Figure 2. Given the age effect observed in task performance, we included age as a covariance, with semi-elite and competitive-elite youth athletes as fixed variables in the SPT and CCT. The result indicated that for the SPT there was no significant difference in the performance of SPT when comparing semi-elite to competitive-elite youth athletes, with Wilks’ lambda = 0.954, F (5, 51) = 0.490, p = 0.782, η2 = 0.046, and Observed power = 0.15; competitive-elite and semi-elite players revealed the same RT in SPT. In the CCT, semi-elite and competitive-elite revealed a significant effect on performance, with Wilks’ lambda = 0.847, F (3, 53) = 3.137, p = 0.03, η2 = 0.153, Observed power = 0.69; competitive-elite players revealed longer span of CCT than semi-elite players. The elite levels of the youth athletes is illustrated in Table 1. MANCOVA was used to analyze the effects of WM in semi-elite and competitive-elite youth athletes, and the same statistical method was employed for the spatial priming task.



TABLE 2 Age and gender, perceptual and cognitive skills performance in adolescent badminton athletes.
[image: Table comparing spatial-prime and Corsi-block measures by age and gender. Spatial-prime figures include NC, SR, SC, SS, OS, with values for juniors, seniors, females, and males. Corsi-block figures include BS, TS, TC, MS. Significant differences at p<0.05 are noted.]

[image: Four line graphs compare the performance on a spatial prime task.   A: Groups divided by gender and generation show varied performance times, with junior females and senior males depicted.  B: Performance levels for semi-elite and competitive elite categories demonstrate differences in response times.  C: Age effects demonstrate juniors and seniors, noting significant performance differences across tasks.  D: Gender effects show differences in task response times between male and female groups, with male performance slightly outpacing females in most categories. Each graph plots milliseconds against various performance categories (NC, SR, SC, SS, OS). Bars indicate error margins.]

FIGURE 1
 Badminton player of groups and gender differences spatial prime task performances. NC, trials was no cue; SR, cue appear in the same row; SC, cue appear in the same column; SS, cue appear in the same square; OS, cue appear in a different row. * p < 0.05.




TABLE 3 Sports performance, and perceptual and cognitive skills in adolescent badminton athletes.
[image: Table compares Semi-elite and Competitive-elite levels using MANCOVA for Spatial-prime and Corsi-Block scores. Spatial-prime measures (ms) range from NC: 567.18 for Semi-elite to 554.46 for Competitive-elite. Corsi-Block scores indicate significant differences, with BS* showing competitive advantage. Definitions and significance level noted below.]

[image: Bar charts comparing performance on the Corsi Block Task. The top charts show senior and junior performances, indicating seniors generally score higher across BS, TC, MS, and TS conditions. The lower charts compare female and male performances, showing similar scores in BS, with males slightly higher in TC and MS, and nearly identical in TS. Asterisks denote significant differences.]

FIGURE 2
 Badminton player of groups and gender differences Corsi block task performances. BS, block span; TS, total score; TC, total correct trails; MS, memory span. * p < 0.05.




4 Discussion

This study primarily aimed to examine whether there are differences in perceptual-cognitive skills in terms of WM and SPT-RTs among adolescent badminton athletes based on age and gender. We also analyzed the effect between perceptual-cognitive skills and elite levels at the semi-elite and competitive-elite levels in badminton adolescent athletes. The discussions are as follows.


4.1 Perceptual-cognitive skills of SPT-RT

In our results of SPT, no gender effect was observed in the groups of female and male badminton players; however, age had a significant effect on the senior and junior high groups, as senior players exhibited better performance in terms of RT than junior high players did. From the perspective of maturation (Goodway et al., 2021), the age maturation affects players’ RTs, and research has shown that age affects the timing of response initiation in sports, with older age groups exhibiting less RT than younger age groups. Söğüt and Koçak (2009) indicated that older child players (10 years old) had significantly higher scores in detection time than those of 8-year-olds. Benguigui and Ripoll (1998) show that age affects the timing of detection and has an inverse correlation. In line with previous research, our results showed that senior players, owing to their developmental maturity, exhibited better RT than junior players during adolescence. The RT decreases as age increases into adulthood (Petrakis, 1985; Williams and Ericsson, 2005). The results of the SPT of five cueing conditions revealed a similar trend to that observed by Nelson (2013). The slowest RT was observed in the NC condition (800 ms), followed by the SC condition (750 ms). The results indicated that senior high school athletes exhibited significantly faster reaction times than junior high school athletes in both the SR (490 ms) and SC (494 ms) conditions. Additionally, the CCT task resulted in a higher memory span in senior athletes than in junior athletes. The results presented here are in accordance with the findings of Furley and Memmert (2013), which indicate that WM capacity is a crucial role of an individual’s capacity to control attention and to operate efficiently in the transition of information processing (Eccles, 2006; Ericsson, 2006; Furley P. and Memmert, 2010).

In terms of gender differences, our results showed no gender effect in badminton players when performing SPT-RT, even though female athletes mature faster than their male counterparts during adolescence (Goodway et al., 2021). Additionally, with the introduction of hormones until the age of 4–9 years, boys could be more successful than girls in terms of detection time (Petrakis, 1985). This trend continues into adulthood, as males consistently outperform females (Brady, 1996; Caccese et al., 2020). However, our results revealed that both males and females performed equally well in the RT task, regardless of gender. From the perspective of training, deliberation in practice could reduce gender differences in the ability of cognitive (Chance and Goldstein, 1971; Connor et al., 1977), specifically the detection time decreases and have better ability to select RT through badminton training (Liu et al., 2017). Furthermore, experienced athletes have better perceived time than novice athletes (Phomsoupha and Laffaye, 2015).



4.2 Perceptual-cognitive skills of WM Corsi-block span

In the CCT result, no gender effect was observed among the groups of female and male adolescent badminton players; however, significant differences were found based on age between the junior and senior high groups, indicating that age affected adolescent badminton players, and senior players performed better than junior badminton players, this finding is consistent with the study by Ward and Williams (2003) in which age was a stronger predictor of structured memory recall than ability. Regarding the development and gender-based research in WM, our findings correspond with the research of Farrell Pagulayan et al. (2006) result, as their study also found no gender effect but it did identify significant differences based on grade. Consistent with the results of Rigoli et al. (2012), research investigating motor coordination, academic achievement, and WM also showed no gender effects in adolescent participants. Elite players blend contextual information with stored memory in a way that differs systematically from their sub-elite peers (Ward and Williams, 2003).



4.3 Elite levels level and perceptual-cognitive level

In this study, we assessed the elite levels of adolescent badminton players using Swann et al. (2015) equation to classify athletes into semi-elite and competitive-elite players and analyzed the association between elite levels and perceptual-cognitive skills. The results revealed that in the SPT task, there was no difference in RT performance, which means that the selection RT was the same between semi-elite and competitive-elite players; however, regarding the WM in the CCT, competitive-elite players showed better results than semi-elite players (see Table 3; Figure 3). These findings are consistent with the Alves et al. (2013) studies and the same with athletes with higher skills performed better cognitively than athletes with lower skills (Ward and Williams, 2003; Tomporowski and Pesce, 2019), Elite athletes possess superior cognitive skills and support the concept of WM as executive attention (Engle, 2002), the viewpoint suggesting that WM capacity is linked to controlled attention and implying that WM capacity does not directly represent a person’s ability to keep items in their short-term memory. Instead, it symbolizes a person’s capacity to persist with task objectives, minimize disturbances, and avoid distractions (Engle, 2002). Furley and Memmert (2012) indicated that individuals with higher WM capabilities were notably better at maintaining focus and resisting interruptions during sports, underscoring the critical importance of WM in managing attention during athletic competitions. Additionally, Furley and Memmert (2013) illustrated how athletes’ WM content is instrumental in shifting their attentional focus, enabling them to consciously direct their attention toward achieving targeted behaviors. Further evidence points to a two-way interaction between the contents of attention and WM; attention is a gateway for stimuli to enter WM (Atkinson and Shiffrin, 1968), while researchers have found that the contents of WM can also shape attentional control (Soto and Humphreys, 2007; Soto and Humphreys, 2008). Thus, competitive athletes seem well in attention to perform well in open-skill badminton sports. From childhood through adolescence to adulthood, the greater the WM, the greater the motor processing in the development effect (Rigoli et al., 2012; Alves et al., 2013; Lehmann et al., 2014), which further indicates that higher elite levels of competitive-elite badminton players’ WM is better than lower elite levels of semi-elite adolescent players. WM capacity difference affects competition responses; higher WM capacity has more proficiency in adjusting tactical decisions, while lower WM capacity may fails to adjust tactical decisions to the demands of the game.

[image: Four bar charts depict group and elite-level performances on the Corsi-block task. The first chart shows junior and senior males and females for BS, TC, and MS. The second chart shows different scores for junior and senior categories in TS. The third chart details competitive and semi-elite scores for BS, TC, and MS. The fourth chart presents competitive and semi-elite TS scores. Error bars indicate variability.]

FIGURE 3
 Badminton player of elite levels Corsi block task performances. Semi elites n = 29, competitive elites n = 28 (including 2 successful elites). We combine the competitive elite athletes and successful elites. * p < 0.05.





5 Limitations

The scope of this study was limited to adolescent badminton athletes; therefore, the results cannot be generalized to other sports or age groups. Additionally, the study only examined cognitive abilities related to WM and SPT-RTs. The cognitive tasks used in this study did not cover all the cognitive parameters, such as cognitive flexibility and inhibition ability, which are typically included in cognitive studies. Hence, it is crucial for future studies to incorporate more comprehensive cognitive tests to assess different aspects of cognition. Moreover, the study did not gather data on the transition from adolescence to college age, potentially affecting the outcomes of the variables.



6 Conclusion

In the current study, we examined the perceptual-cognitive skills of SPT-RTs and CCT-WM across gender, age and elite levels among badminton adolescent athletes. The results indicated that age affects the perceptual-cognitive skills of adolescent players. Senior high school players exhibited better perceptual-cognitive abilities than junior high school players did. No gender effects were found in the perceptual skills of the adolescents, and the age effect was consistent across genders. Regarding the different levels of elite in adolescent badminton players, SPT-RTs were similar in the semi-elite and competitive players; however, regarding the WM in CCT, competitive elite players outperformed semi-elite players. Our results show that the WM plays a crucial role in open skills in elite levels specific to badminton. There were no gender effects; only the age difference effect among adolescent badminton players was observed. Female and male adolescents of the same age perform equally well in terms of perceptual-cognitive skills in the same age. When developing advanced skills for elite levels, perceptual-cognitive skills should be considered during routine training. Future studies should focus on the potential of perceptual-cognitive expertise in sports to assist trainers in developing expert athletes and gain insight into the brain structure and functional maturation that differs between individuals with varying levels of sports experience and expertise, ultimately enhancing higher levels.
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Choking susceptibility refers to the propensity of an athlete to choke under pressure. Mesagno has operationalized choking susceptibility as a combination of scores on self-consciousness, anxiety and coping. Despite the potential of Mesagno’s protocol, there is currently limited support for its validity. Secondly, although mental toughness (MT) has a relationship with sport performance, there is limited research on its relationship to choking under pressure, specifically. The current study investigated the relationship between choking susceptibility and mental toughness. It was hypothesized that choking susceptible athletes will have significantly lower levels of mental toughness than those who are not choking susceptible. Data from a heterogeneous sample of athletes (N = 415) was obtained through a Qualtrics research panel. Results of a Mann–Whitney U showed that self-reported mental toughness was not significantly different in athletes categorized as choking susceptible and non-choking susceptible. Correlational analyses also highlighted differences between mental toughness and the composite scores of choking susceptibility, which provide researchers with avenues for future research in this area alongside a need for each construct to be examined in relation to choking behavior in sport.
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Introduction

Success and failure are often dependent on an individual’s ability to effectively perform under heightened levels of pressure. Experiencing pressure can affect how an individual performs an otherwise automatic motor task (Geukes et al., 2012; Mesagno et al., 2019; Roberts et al., 2019). For some, the pressure can often become overwhelming and result in what is known as choking under pressure (referred to as choking hereafter). Historically, there have been issues with the definition of choking (Hill et al., 2010). The initial definition of choking by Baumeister (1984, p. 610) was ‘performance decrements under pressure situations’ and more specifically, ‘the occurrence of inferior performance despite striving and incentives for superior performance’ (Baumeister and Showers, 1986, p. 361). Some researchers have argued that such definitions may fail to reflect the entire choking experience (e.g., Gucciardi and Dimmock, 2008). For example, Beilock and Gray (2007) suggest that in order for a sub-optimal performance to be considered a choke, it must be certain that the athlete was motivated to achieve their goal, was capable of performing better, and regarded the situation as important. A choke is not a random fluctuation in skill level, but rather a specific negative response to perceived pressure (Hill et al., 2010). The sources of ‘perceived pressure’ typically include spectators, evaluation, rewards, skill level, perceived importance, and time constraints (Cao et al., 2011; Murayama and Sekiya, 2015). These sources evoke cognitive and behavioral reactions such as distraction, self-consciousness, and anxiety, which can induce the phenomenon of choking. The existence of choking highlights the fragility of expert performance within an individual, demonstrating that constant and consistent execution in training does not guarantee skilled performance in crucial moments. Many factors have been found to influence an individual’s likelihood of choking. For example, anxiety (Wilson, 2008; Clarke et al., 2020), perfectionism (Frost and Henderson, 1991; Yoon et al., 2021), and fear of negative evaluation (Mesagno et al., 2012), can interfere with one’s ability to perform under pressure. Additionally, feelings of physical fatigue and heaviness, abnormal physical sensations, ego relevance, and changes in motor control have been related to an increased probability of choking (Wang, 2002; Murayama and Sekiya, 2015).

Choking susceptibility is the likelihood that an individual will experience choking (Mesagno et al., 2008). Mesagno et al. (2008, 2009) developed a protocol for identifying choking susceptibility in athletes, which is rooted in specific levels of self-consciousness (Self-Consciousness Scale; SCS; Fenigstein et al., 1975), anxiety (Sport Anxiety Scale; SAS; Smith et al., 1990), and coping styles (Coping Style Inventory for Athletes; CSIA; Anshel and Kaissidis, 1997). This protocol is currently the only method available to assess choking susceptibility, which classifies athletes as choking susceptible or choking non-susceptible based on their relative scores on these three attributes. To determine if one is choking susceptible, participants must score within the 75th-100th percentile range on at least two out of three choking susceptible inventories (based on the sample of individuals tested), and their remaining score must fall within the 50th-100th percentile range of scores surveyed. For example, to be considered choking susceptible, the participant could be relatively high (i.e., in the 75th-100th percentile) in self-consciousness (SCS) and trait anxiety (SAS), and have a positive differential CSIA score (i.e., approach coping – avoidance coping = differential score). Combining these scales to inform athletes’ level of choking susceptibility has been used in previous research by Mesagno et al. (2008, 2009), Wang et al. (2004a,b), and with non-athletes (Thiessen et al., 2023). Importantly, being classified as choking susceptible does not guarantee that an athlete will choke (or that an athlete classified as non-susceptible will never choke), but rather, suggest a higher likelihood of that event occurring.

Trait anxiety may be the most obvious predictor that Mesagno et al. (2008) included in their protocol, since anxiety has consistently been linked to poor attention selection and performance (Woodman and Hardy, 2003). Anxiety research has confirmed that individuals high in trait anxiety react to pressure situations with greater levels of state anxiety than individuals low in trait anxiety (e.g., Spielberger et al., 1976; Horikawa and Yagi, 2012). It has been reported that this effect happens because high trait anxious individuals respond to pressure with elevated state anxiety more frequently or intensely, which ultimately affects their performance under pressure (Byrne and Eysenck, 1995). Furthermore, high trait anxiety overwhelms working memory which causes inefficient processing and promotes choking (Wilson et al., 2007). Likewise, high trait anxious athletes are susceptible to choking via self-focus mechanisms as they also tend to have high dispositional reinvestment (Masters et al., 1993). Similarly, coping ability is consistently found to influence performance under pressure in sport (Anshel, 1996; Wang et al., 2004a; Nicholls and Polman, 2007). Avoidance-based coping (i.e., directing activity away from threat) has been found to be a beneficial coping style under stress (Madden et al., 1990; Anshel, 1997). Alternatively, approach-based coping (i.e., directing activity toward threat) can result in the performer consciously controlling behavior during stress, which is known to decrease performance and result in a choke (Baumeister, 1984; Wang et al., 2004a). Consistent with this conceptualization, Diotaiuti et al. (2021) found that an approach coping style appeared to have the greatest negative effect on archer athletes brooding activity. Lastly, self-consciousness is known to be negatively related to performance. In a series of studies, Geukes et al. (2013a,b) found that self-consciousness negatively affected performance in high pressure conditions, and that lower self-consciousness was related to better performance in high pressure conditions, but not low-pressure conditions. Wang et al. (2004b) found that self-conscious athletes were more susceptible to choking.

Since Mesagno et al. (2008) defined choking susceptibility, researchers have examined linkages between this conceptualization and other constructs. For example, Mesagno and Marchant (2013) investigated the cognitive processes associated with choking susceptible and choking resistant athletes in a mixed-method approach. The authors designed a pressured task (i.e., netball shots with audience presence, performance-contingent financial incentives, and video recorded shot attempts), and reported that the cognitions associated with choking susceptibility included emotion-focused attention (e.g., fear, embarrassment, worry) and approach-cognitive coping strategies (e.g., public self-awareness), psychodynamic defense mechanisms (i.e., projection), whereas choking resistance was associated with task-focused attention (e.g., self-talk) and avoidance-cognitive coping strategies (e.g., blocking out distractions, imagining team support). Additionally, those considered to be choking susceptible experienced a decrease in performance (i.e., less accurate and more inconsistent) during the pressure manipulation compared to those who were considered choking resistant. Choking susceptibility has also been found to be related to handedness (Mesagno et al., 2019), dominant left-hemispheric activation (Hatfield et al., 2013), and personality traits (e.g., neuroticism, perfectionism, etc.; Frost and Henderson, 1991; Thiessen et al., 2023). Mesagno et al.’s choking susceptibility protocol is the only procedure available to measure choking susceptibility to date.

Empirical evidence has linked choking susceptibility with various outcomes that are both related to performance under pressure and consistent with the conceptual foundations for Mesagno et al.’s (2008) operational definition of the construct. However, more evidence is needed to support choking susceptibility’s concurrent and predictive validity since surprisingly, there is little evidence available that it is related to choking. The current study aims to further support the concurrent validity of choking susceptibility by examining how it is related to mental toughness.

Mental toughness is a term typically applied to athletes who perform well in pressurized circumstances (Liew et al., 2019; Bédard Thom et al., 2021). It has been called a “critical success factor” (Cowden, 2017, p. 1) because it is believed to facilitate adaptive responses to positive (e.g., success) and negative (e.g., failure) forms of stress (e.g., competition pressure). According to Gucciardi et al. (2017), mental toughness is “a state-like psychological resource that is purposeful, flexible and efficient in nature for the enactment and maintenance of goal directed pursuits” (p. 18). Although debate surrounding the conceptualization of mental toughness continues (i.e., stability, different types) much of the research to date supports that it is a malleable, psychological quality that is greatly dependent on self-belief/confidence and perceived self-control in the face of challenges and stressors (Bédard Thom et al., 2021). Excellent coping strategies and perseverance would appear to link mental toughness with successful performance (Bell et al., 2013; Gucciardi et al., 2016; Cowden, 2017; Lin et al., 2017; Giles et al., 2018; Gucciardi et al., 2021). For example, Bell et al. (2013) developed and delivered a mental toughness intervention for elite cricket players that enhanced their ability to perform under pressure, specifically in their batting and fitness performance. There is also evidence suggesting that athletes with higher mental toughness can more quickly initiate performance enhancing states (i.e., flow and clutch states) during sport competition (Jackman et al., 2020).

Given that mental toughness is associated with excelling under pressure, theoretically, mental toughness could be related to choking susceptibility. Hill and colleagues published a series of studies involving the nature of mental toughness relative to choking. A focus group of sport psychologists concluded that lower mental toughness is linked to the probability of choking, and that sport psychologists should prioritize its development to reduce the probability and impact of choking (Hill et al., 2009). Another study by Hill et al. (2010) purposefully sampled elite golfers (N = 6) who believed they “often choked under pressure,” compared to golfers who appeared to “excel under pressure” (N = 5), as well as elite coaches who had worked with both groups (N = 4). Following semi-structured interviews, the authors found that that those who were more prone to choking appeared to have lower mental toughness than those who were categorized as golfers who excel under pressure (Hill et al., 2010). However, mental toughness was not directly assessed in these studies, and prevalence of choking was based on participants’ self-perceptions, not Mesagno et al.’s (2008) operational definition or measured choking behavior.

According to Mesagno’s protocol, using more avoidance than approach strategies will work to prevent choking under pressure (Wang et al., 2004a). However, research has shown that, for the most part, avoidance coping strategies are associated with choking under pressure and approach strategies may encourage clutch performance (Hill and Hemmings, 2015). For example, Hill et al. (2010) explains that chokers predominantly use avoidance strategies (e.g., rushing through shots) to cope, however, this is not the case for those who excelled; they tended to reduce or manage the stressors through problem-focused or approach coping (e.g., process goals and preparation). This discrepancy could in part be due to the different instruments used in the coping literature but may also be the result of avoidance strategies offering individuals immediate emotion regulation in the short term, which can encourage positive behavioral outcomes (e.g., Hayes et al., 1996) but are less effective in the long term (Hill and Hemmings, 2015). In terms of the relationship between coping and mental toughness, Nicholls et al. (2008) found that mental toughness was more strongly associated with the use of approach coping strategies (i.e., task-oriented coping strategies such as thought control, mental imagery, relaxation, effort expenditure, logical analysis, and seeking support) compared to avoidant strategies (i.e., distraction-orientated coping such as distancing and mental distraction, or disengagement-orientated coping such as disengagement/resignation and venting of unpleasant emotions) in athletes. Madrigal et al. (2017) found that mentally tougher collegiate athletes reported the use of more problem and emotion focused coping strategies rather than avoidant coping strategies. To our knowledge, no research has assessed the relationship between mental toughness and scores on the CSIA used in Mesagno’s protocol. Self-consciousness (and the related concept of self-awareness) have also been linked to mental toughness. Mentally tougher competitive tennis players have been found to have greater levels of self-awareness (Cowden, 2017), and researchers have found that mental toughness is related to dispositional flow which includes an ability to lose consciousness aware (i.e., concern for the opinion of others disappears; Crust and Swann, 2013; Jackman et al., 2017). Consistent with these findings, the pressure of being watched by others (a common manipulation to increase performance pressure) increases self-consciousness and self awareness (DeCaro et al., 2011).

The relationship between mental toughness and anxiety is somewhat inconsistent, yet self-belief and self-confidence is the most commonly reported psychological attribute associated with athlete mental toughness (e.g., Gucciardi et al., 2015; Bédard Thom et al., 2021). Athletes can experience anxiety when they lack confidence or self-efficacy in their ability to perform successfully in a threatening or taxing situation; they believe that they are incapable of managing potentially detrimental events (Chase et al., 2005). Thus, mentally tougher athletes are expected to report somewhat lower levels of sport trait anxiety (Mojtahedi et al., 2023), which will expectedly contribute to lower choking susceptibility.

The purpose of this study was to determine if there will be a difference between choking susceptible and choking non-susceptible athletes’ level of mental toughness. Based on conceptualizations of mental toughness and choking susceptibility, and research linking them to performance under pressure, we hypothesized that choking susceptible athletes will report lower levels of mental toughness than choking non-susceptible athletes.



Method


Participants

Using Qualtrics, athletes across Canada and the United States of America were recruited to participate in the online study. We requested our target audience (i.e., athletes in North America above the age of 18 years old) from Qualtrics who found a representative sample from their proprietary online sample. Qualtrics completed all recruitment and distribution of the survey to participants. All data was stored on Qualtrics’ secure platform during collection. Once data was collected, Qualtrics sent us a data scrub report where they outlined what participants could be removed due to lack of data, straightening, etc. Final removal of participants was ultimately made by the researchers. The questionnaires were blocked into separate pages throughout the survey for participant ease of use and items of each questionnaire were presented in a matrix. For inclusion to participate, individuals must have been 18 years or older and participate in a sport. No other inclusion or exclusion criteria were applied. Participants were compensated through the vendors who partner with Qualtrics. Participants agree upon a set compensation before taking part in the survey which could be in the form of points, airline miles, etc.

We obtained a total of 425 responses and of that total, 10 were removed due to straightlining and lack of sport clarification. Therefore, the final sample size was 415 participants, with a total of 187 females, 224 males, 3 non-binary/third gender, and 1 participant that preferred not to indicate gender. Participants’ age ranged from 18–80, with an average age of 40.56. Only 316 valid responses for age were given. Competitive athletes were defined by those who indicated they participated in international (n = 9), national (n = 28), provincial/state (n = 53), university/college (n = 45), and intermediate (n = 72) levels of sport. Participants were from 39 different sports. The most common sports included basketball (n = 91), soccer (n = 40), football (n = 34), tennis (n = 32), golf (n = 30), softball (n = 24), baseball (n = 23), and volleyball (n = 18). Additionally, participants were asked to indicate whether or not they were starters in their respective sport; 79.4% reported being a regular or occasional starter.



Procedure

Prior to recruitment and data collection, ethical clearance was granted by Brock University’s Research Ethics Board 21–274. Data was collected between July–August 2022. The choking susceptibility protocol comprises the SCS (Fenigstein et al., 1975), the SAS (Smith et al., 1990), and the CSIA (Anshel and Kaissidis, 1997).



Measures

Questionnaires measured participant demographic information, mental toughness, and choking susceptibility. Demographics included questions regarding gender, age, ethnicity, and athletic status. Choking susceptibility was determined using a combination of measures examining self-consciousness, trait anxiety, and coping styles. A unidimensional measure was used to assess sport mental toughness.


Self-consciousness scale

The 23-item Self-Consciousness Scale (Fenigstein et al., 1975) measures three distinct subscales of self-consciousness (i.e., private self-consciousness, public self-consciousness, and social anxiety). Items are rated on a scale of 0 (extremely uncharacteristic) to 4 (extremely characteristic) where those with higher scores report higher levels of public self-consciousness, private self-consciousness, and social anxiety. Acceptable internal consistency (α > 0.73) has been reported for all subscales (Fenigstein et al., 1975). In a sample of athletes, the public self-consciousness subscale had a Cronbach’s alpha of 0.75, private self-consciousness had a Cronbach’s alpha of 0.70, and social anxiety had 0.80 (Hatzigeorgiadis, 2002); Cronbach’s alpha for the scales global factor, which was used for this protocol, was 0.84 with the current data. There is also considerable evidence for both the construct and discriminant validity of the distinct subscales of self-consciousness (Fenigstein, 1987).



Sport anxiety scale

To assess trait anxiety, the 21-item Sport Anxiety Scale (Smith et al., 1990) was used. The SAS is made up of three subscales that specifically measure somatic anxiety, worry, and concentration disruption. Statements and responses are based on a 4-point Likert scale, ranging from 1 (not at all) to 4 (very much so). Total scores range from 21 to 84, with higher scores indicating high trait anxiety. The SAS has shown good internal consistency results and adequate validity in athletes (Smith et al., 1990; Dunn et al., 2000). The Cronbach’s alpha for the total scale was 0.96 with the present data.



Coping style inventory for athletes

The Coping Style Inventory for Athletes (Anshel and Kaissidis, 1997) is a 16-item questionnaire used to measure participants’ approach and avoidance coping strategies on a 5-point Likert scale. Responses range from 1 (very untrue) to 5 (very true). Total scores range from 8 to 40 on each of the two subscales, and higher scores indicate a greater propensity to use that particular coping style. High construct and predictive validity have been reported for the scale, as well as acceptable internal consistency in a sample of athletes (Kaissidis-Rodafinos et al., 1997); the current data showed Cronbach’s alphas ranging from 0.67–0.76. For the choking susceptibility protocol, the differential score is calculated by taking the total avoidance coping score and subtracting it from the total approach coping score (e.g., Mesagno et al., 2008).



Mental toughness index

The Mental Toughness Index (MTI; Gucciardi et al., 2015) is an 8-item unidimensional measure of mental toughness.1 The MTI instructs participants to indicate how they typically think, feel, and behave as an athlete. The MTI is rated on a 7-point Likert scale (false, 100% of the time; true, 100% of the time). The MTI was intentionally developed to bring together the most common attributes of mental toughness across the field, and to be conceptually distinct from other similar constructs that are also known to be influential on sport performance such as Grit, Resilience and Hardiness (Gucciardi et al., 2015). The MTI has also demonstrated cross-cultural invariance in athlete samples (Stamatis et al., 2021). In support of the MTI’s construct validity, Gucciardi et al. (2015) demonstrated excellent fit using CFA across three independent samples that were purposefully selected to represent different achievement contexts (i.e., athletes, post-secondary students, and “white collar” workers). They also reported excellent composite reliabilities for the scale in these samples (ρ = 0.86 to 0.89). Cronbach’s alpha with the current data was 0.90. In a recent systematic review of mental toughness measures, the MTI received among the highest ratings, including sufficient ratings for structural validity and internal consistency and the most positive results for hypothesis testing (Farnsworth et al., 2020).




Statistical analysis

As the research question was to compare choking susceptible and choking non-susceptible athletes on mental toughness, the data analysis plan primarily comprised independent samples t-test on mental toughness. Prior to this analysis, assumptions (e.g., normal distribution and homogeneity of variance) would be checked. If assumptions were not upheld, a non-parametric group comparison would be employed. Furthermore, a Confirmatory Factor Analysis (CFA) of the mental toughness measure would be used to ensure that the model structure fit the current data. Finally, supplementary analysis would be employed to see if choking susceptibility may differ by factors such as gender, level of competition and experience of the sample.

Data were analyzed using SPSS 26; the factor analysis was conducted using EQS 6.4. The procedure in the current analyses that required the largest sample size was the CFA of the MTI. Tabachnick and Fidell (2021) suggest that sample sizes of over 300 are adequate when communalities in the data are high, there are a small number of factors, and at least four items for each factor, all of which were present in the current data. A power analysis using G*Power for a two tailed Mann Whitney U with an alpha of 0.05 and power of 0.95 and moderate effect size suggests a total sample size of 220. Using these criteria, our current sample size of 415 was adequate for the CFA and all subsequent analyses.




Results

Individuals in the current sample who scored over the 75th percentile on 2 out of the 3 choking susceptible questionnaires and scored over the 50th percentile on the remaining choking susceptibility questionnaire were considered choking susceptible. As there were no observations at the 75th percentile cut-off within our data, the nearest one (73rd percentile) was used for our analyses. Out of the sample, 16% (n = 67) were considered choking susceptible and 84% (n = 348) were choking non-susceptible. Table 1 summarizes these samples by demographic characteristics.



TABLE 1 Participant descriptives.
[image: Table comparing choking susceptibility between two groups. Choking susceptible group: 67 individuals, mean age 35.76, 47% male, 67% Caucasian, 62% competitive, 46% starters. Choking non-susceptible group: 348 individuals, mean age 41.62, 55% male, 63% Caucasian, 47% competitive, 46% starters.]


Participant descriptives

A confirmatory factor analysis was conducted on the MTI to determine if the current data fit to the one factor model. Table 2 gives the descriptive statistics and correlations among the eight MTI items. The data upheld the assumptions of normal distribution and absence of multicollinearity (e.g., correlations >0.90). However, the normalized Mardia’s coefficient indicated multivariate kurtosis, so the robust goodness of fit indicators were interpreted. The chi-square for the model was significant [χ2(20) = 77.10, p < 0.001], but this is known to be influenced by large sample size. Other goodness of fit indicators showed good fit of the data to the model, CFI = 0.95, IFI – 0.96, RMSEA = 0.08. Acceptable criteria for good fit are >0.95 for the CFI and IFI and < 0.08 for the RMSEA. All eight MTI items loaded significantly on the global MTI factor. The Cronbach’s alpha for this factor was 0.90.



TABLE 2 Correlation matrix and descriptive statistics of MTI items.
[image: Correlation matrix table showing correlations between items MTI1 to MTI8, with asterisks indicating significance at p < 0.001. Each column corresponds to a different MTI item, with the correlation coefficients listed. Means (M) and standard deviations (SD) are shown below each column.]

Correlations between the MTI and the choking susceptibility scales revealed that mental toughness was uncorrelated to self-consciousness (r = 0.03), but significantly correlated to sport anxiety (r = −0.31) and the differential coping score (r = −0.18) in the expected directions based on this protocol. Among the two coping styles, the MTI was significantly correlated to avoidance coping (r = 0.15) but not significantly correlated to approach coping (r = −0.04).

The distribution of the MTI was not normal for both choking susceptible (KS (67) = 0.12, p > 0.05) and non-susceptible athletes (KS (348) = 0.08, p > 0.05), and a Levene’s test revealed that the MTI did not uphold the assumption of homogeneity of variance. Therefore, a Mann–Whitney U was used to examine if there was a difference in MTI scores between choking susceptible [n = 67; M = 42.94 (6.64)] and non-susceptible [n = 348; M = 43.83 (8.14)]. The result was non-significant [U(415) = 10826.00 p > 0.05] with an effect size of 0.11. Therefore, no difference in MTI scores were found across the two groups of athletes classified as either choking non-susceptible or choking susceptible.

Given the heterogeneous nature of the sample, several supplementary analyses were conducted. In particular, we were interested in the potential role of gender, experience, and level of competition in the choking susceptible-mental toughness relationship. However, as noted above the data required non-parametric analyses and it is not possible to do factorial non-parametric analyses. Chi square analyses were used to examine if proportion of choking susceptible individuals differed by gender, level of experience, and competition. There was no significant difference in prevalence of choking susceptibility between males and females, or between individuals with less than (n = 182) and greater than 5 years experience (n = 233). There was a significant effect for level of competition on probability of choking susceptibility. Specifically, 12.5% of recreational athletes were choking susceptible whereas 19.8% of competitive athletes were. This difference in proportions was statistically significant [χ2(1) = 4.09, p < 0.05, φ = −0.10].




Discussion

The current study examined if athletes designated as choking susceptible as per Mesagno et al.’s (2008, 2009) protocol differed in their level of mental toughness from those designated as non-choking susceptible. Our hypotheses were not supported. No significant difference was found between those categorized as choking susceptible and choking non-susceptible on the MTI. This finding is inconsistent with anecdotal evidence and conceptual arguments (e.g., Hill et al., 2009, 2019) that suggest that choking susceptible athletes are more likely to be ‘less mentally tough’ than those who are not choking susceptible. However, the results of the current study are not necessarily inconsistent with empirical literature that has conceptualized mental toughness or examined mental toughness in relation to sport performance/performance under pressure (e.g., Gucciardi et al., 2015; Bédard Thom et al., 2021). The distinctness and inconsistencies presented here between mental toughness and choking susceptibility raise interesting questions about this relationship and call into question the validity of an assumed relationship between the two (Hill et al., 2009, 2019).

The current analyses suggest that choking susceptibility and mental toughness are distinct constructs. There were no significant differences on MTI scores between athletes who were choking susceptible and those who were not, suggesting that they come from the same population with respect to the attribute of mental toughness. Correlational analyses showed that MTI scores were uncorrelated with one of the three composite items of choking susceptibility (i.e., self-consciousness). Furthermore, its correlations with coping style and anxiety showed small and moderate effect sizes, respectively (Field, 2017). Whereas this is the first study to directly examine choking susceptibility and mental toughness, previous research has examined the associations between mental toughness and the composite constructs that comprise Mesagno et al.’s choking susceptibility protocol and found similar results. Some researchers have supported a negative relationship between mental toughness and anxiety (Schaefer et al., 2016; Kristjánsdóttir et al., 2019; Mojtahedi et al., 2023), but others have found no relationship (Cowden, 2017) and even a positive association between trait anxiety and mental toughness (Hardy et al., 2014). Whereas coping style has been found to be related to mental toughness (e.g., Poulus et al., 2020), very little literature has linked mental toughness to self-consciousness. Within the context of this literature, we would suggest that the present results provide support to the notion that choking susceptibility and mental toughness are distinct but related constructs.

It is possible that any relationship between choking susceptibility and mental toughness may be more nuanced than the present design was able to ascertain. Our sample was a diverse one with respect to experience, level of competition, and gender. While the overall finding was that choking susceptibility did not affect mental toughness with this sample, it is possible that there still may be a relationship between the two constructs, as the literature suggests. For example, in our sample, the prevalence of choking susceptibility was significantly higher in competitive athletes than recreational athletes. It is possible that there may be a significant difference in mental toughness between choking susceptible and non-susceptible athletes at different competitive levels. Furthermore, although we found no gender differences in choking susceptibility, given that there are often research gender differences in mental toughness (e.g., Nicholls and Polman, 2007; Madrigal et al., 2017), it is possible that the choking susceptibility-mental toughness relationship may differ by gender. In summary, we suggest that while we concluded that the constructs of choking susceptibility and mental toughness are separate but related, we acknowledge that it is possible that they may be related in specific samples (e.g., all competitive athletes, or all male athletes).

Furthermore, it may be that mental toughness is not related to choking susceptibility but isrelated to choking. It must be recognized that choking susceptibility is distinct from actual choking or performance under pressure, and that both of these later factors are more widely studied in sport psychology. Many of the associated factors noted in the introduction (e.g., anxiety, coping styles) are related to actual choking, not just choking susceptibility, and choking susceptibility has not yet been empirically linked to actually choking under pressure. Therefore, finding that mental toughness is not related to choking susceptibility may be mutually exclusive of any relationship between mental toughness and choking under pressure. This would be consistent with studies like, Hill et al. (2009, 2010), Bell et al. (2013) as well as Gucciardi et al. (2016) and Giles et al. (2018), which have suggested that mental toughness may influence performance under pressure. Again, we would suggest that there is much research to be done in this area, particularly with respect to the construct validity of choking susceptibility.

Finally, our findings of relatively minimal overlap between choking susceptibility and mental toughness may have serious implications for the construct validity of choking susceptibility, which is the newer and less well supported of the two constructs. The choking susceptibility protocol by Mesagno et al. (2008, 2009) is still in its infancy; it is unknown whether the protocol can accurately predict choking behaviors. The protocol consists of self-consciousness, trait anxiety, and coping style inventories to measure choking susceptibility. These psychological inventories have been linked to performance and ultimately choking under pressure (Mesagno, 2006). However, Mesagno admits that other factors may also influence choking susceptibility, such as introversion (Anshel, 1997). Furthermore, Mesagno recognizes that choking can be viewed as a continuum, nevertheless, Mesagno deliberately made a stringent selection criterion to purposively sample participants on opposite ends of the performance under pressure experience (Mesagno, 2006).


Limitations and future directions

In addition to the above limitations on choking susceptibility, our hypotheses may not have been supported due to the chosen mental toughness scale. Although the MTI appears to be a measure with strong psychometric properties (Gucciardi et al., 2015), there is still much work to do with respect to understanding the conceptual clarity and mechanisms of mental toughness, for example its antecedents and outcomes and how practitioners, coaches and athletes can develop this quality over time. Furthermore, we did not ask participants’ additional information about their sport such as time spent practicing or number of competitions. We recognize that these variables and potentially others could have affected the results. Lastly, as noted above, the choking susceptibility protocol by Mesagno et al. (2008, 2009) is still in its infancy within the realm of investigating connections with performance tendencies under pressure. The protocol has not yet confirmed that it can accurately predict choking behavior in individuals. Therefore, if we were to measure performance in the current study, the results may not necessarily have given us practical data. Finally, there are potential limitations to a cross-sectional design, and online survey, as the current design employed. We acknowledge that such design features may have affected the representativeness of the sample as well as potential response biases in ways that other designs may minimize.

Future research should determine whether the choking susceptibility protocol can successfully predict choking under pressure in athletes while comparing performance under different levels of pressure. The causes and characteristics that may predispose athletes to choking can help sport psychologists prevent a possible choke. We believe that this is essential prior to examining if choking susceptible and choking resistant individuals differ on variables such as mental toughness.
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The relationship between a performer’s conscious involvement or investment in movement control and monitoring and the ability to inhibit the movement is still unclear. We conducted three experiments to investigate whether a higher inclination for conscious movement investment benefits the inhibition of a simple keypress response. In all experiments, the inclination for conscious movement investment was measured with the Movement-Specific Reinvestment Scale. In Experiment 1, participants performed the go/no-go task and conscious investment was manipulated by directing conscious attention either to the finger movement (i.e., internal focus) or to the resulting motion of the key (i.e., external focus). The results showed that neither the participants’ inclination for conscious movement investment, nor the direction of conscious attention affected inhibition performance. In Experiment 2, participants performed the stop-signal task, which is more attention demanding than the go/no-go task. The results showed that participants with a high or low inclination for conscious movement investment did not differ in inhibition performance. In Experiment 3 an ego-depletion procedure was included that limits resources for conscious movement investment. Before and after this ego-depletion procedure, participants performed the stop-signal task. The results showed that participants with a high inclination for conscious movement investment slowed down inhibition when they felt mentally depleted, while no slowing down of inhibition was found among participants who felt less depleted and/or had a low inclination for conscious movement investment. Together, the study provides evidence that increased conscious movement investment is beneficial for movement inhibition. Yet, these effects only emerge against the dynamic background of interacting individual (e.g., inclination for conscious movement investment, available attentional resources) and task constraints (e.g., task difficulty).
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1 Introduction

Movements can be executed consciously or automatically. In the current study, we are interested in the conscious monitoring and control of the movement or conscious movement investment. We define conscious movement investment1 as performer’s conscious or selective attention to movement in order to monitor and/or control how it unfolds, which is accompanied by a conscious use of some degree of explicit movement-related knowledge in the ongoing movement. There is broad consensus that, for well-learned motor skills, conscious movement investment disrupts movement automaticity, leading to impaired movement performance (Wulf and Prinz, 2001; Beilock et al., 2002; Gray, 2004, 2006; Ford et al., 2005; Beilock and Gray, 2012). For example, skilled soccer players slowed down dribbling with their dominant foot when asked to consciously attend to how they touched the ball; similarly, experienced golfers showed larger aiming errors (i.e., the distance from the centre of the target) when triggered to pay attention to the follow-through motion of the clubhead (Beilock et al., 2002). Such conscious movement investment is also thought to underlie breakdown of performance in high-pressure situations (Masters, 1992). Intriguingly, however, conscious movement investment may not necessarily adversely affect the execution of movements: intentionally stopping or inhibiting movements may be facilitated by conscious movement investment (Beilock and Gray, 2012; Park et al., 2020). The purpose of the current research is to further explore this putative relationship by examining whether variations in the inclination for and/or actual degree of conscious movement investment affects inhibition.

Unlike many studies investigating how conscious movement investment affects movement outcomes, there have been only two studies so far assessing its relationship with movement inhibition (Beilock and Gray, 2012; Park et al., 2020). Beilock and Gray (2012), compared inhibition of a golf putting stroke in novices and high-skilled golfers. They assumed that novices would naturally show higher levels of conscious movement investment compared to high-skilled golfers who would show much more automatic monitoring and control of movement. This contention is based on the theory of skill acquisition (Fitts and Posner, 1967), which posits that, during the initial stage of learning, movement execution is controlled by unintegrated control structures which are held in working memory. As learning progresses, performers develop encapsulated procedural structures that allow for the automatic, nonconscious monitoring and control of movement. In the study of Beilock and Gray (2012), they asked participants to putt on an indoor green. A stop signal (i.e., an auditory tone) appeared at the backswing or downswing of strokes on some trials (i.e., 33%). Then participants were required to halt the putting stroke as quickly as possible after hearing a stop signal. They found that the novices were faster in inhibiting the stroke than the high-skilled golfers, especially when the stop signal was present during the downswing. Beilock and Gray (2012) argued that novices were faster in stopping the stroke, because they were already consciously investing (i.e., monitoring and/or controlling) to the putting movement, while high-skilled golfers first had to shift attention toward the movements (Gray, 2009; Beilock and Gray, 2012).

Recent observations by Park et al. (2020) were (partially) consistent with this result. While Beilock and Gray (2012) assumed that their participants, depending on skill level, invested different degrees of consciousness in movements, Park et al. (2020) tried to more directly pinpoint the relationship between conscious movement investment and inhibition. In fact, they reasoned that inhibition would allow performers to control the degree of conscious movement investment. They thus expected that movement inhibition would negatively correlate with performers’ inclination to consciously invest in movement monitoring and control.2 To this end, Park et al. (2020) measured participants’ inclination for conscious movement investment via a questionnaire. The questionnaire, referred to as the Movement-Specific Reinvestment Scale (MSRS), was originally introduced and validated by Masters et al. (1993), see also Kal et al., 2016) to assess performers’ inclination for conscious (re-)investment in high-pressure situations. The MSRS consists of 10 statements about moving in general that gauge movement self-consciousness and conscious movement processing. Previous studies using the MSRS have shown that performers with a high MSRS score more likely demonstrate high levels of investment of explicit movement-related knowledge in motor performance and learning (Malhotra et al., 2015; van Ginneken et al., 2017, 2018) and increased likelihood of performance breakdown in high-pressure situations due to de-automatisation movement monitoring and control (Maxwell et al., 2006).

Park et al. (2020) asked participants to complete the MSRS and the go/no-go task (i.e., GNG task). The GNG task is one of the classic tasks for measuring movement inhibition, requiring participants to respond to go signals (i.e., go trials) or withhold a response in response to stop signals (i.e., no-go trials or stop trials). The frequency of commission errors (i.e., the probability of executing a response on no-go trials) is the primary inhibition measure in the GNG task (Verbruggen and Logan, 2008). Park et al. (2020) did not find a correlation between the MSRS score and the frequency of commission errors. However, they did reveal a negative correlation between the MSRS score and the variability in the go reaction time. The variability in the go reaction time has been suggested to be positively correlated with the frequency of commission errors (Bezdjian et al., 2009). Hence, if anything, this observation suggests that individuals with a high inclination for conscious movement investment show better movement inhibition. This opposed Park et al.’s (2020) original expectation but is consistent with Beilock and Gray (2012) hypothesis.

The empirical evidence for a relationship between conscious movement investment and movement inhibition is still weak. Firstly, Park et al. (2020) only provided evidence for such a relationship for the variability in the go reaction time, but not for the frequency of commission errors, which is the primary index for movement inhibition for the GNG task (Verbruggen and Logan, 2008). Secondly, in the GNG task there is a consistent signal-response mapping, that is, go and no-go signals are mutually exclusive (Verbruggen and Logan, 2008). The consistent mapping between the no-go signal and no-go response allows an automatic triggering of the no-go response and requires relatively low levels of conscious attention on the task (Logan and Cowan, 1984; Verbruggen and Logan, 2008). If conscious attention to the task is low, then attention to the movement is likely low as well. Thus, the GNG task may require insufficient conscious movement investment, even for participants with a high inclination for conscious movement investment. Thirdly and relatedly, Beilock and Gray (2012) and Park et al. (2020) did not directly manipulate conscious movement investment but capitalised on individual differences in the likelihood that participants would consciously invest in the tasks. Hence, it remains unknown to what degree participants were actually consciously attending when performing the GNG task or golf task. It is therefore important to further explore the relationship between the (inclination for) conscious movement investment and movement inhibition under conditions that require varying amounts of conscious movement investment.

Accordingly, to further explore the relationship between the (inclination for) conscious movement investment and movement inhibition, three experiments were conducted. In Experiment 1, we directly manipulated conscious movement investment and investigated whether increased and reduced conscious movement investment differently affected movement inhibition as assessed by the GNG task. A common approach to manipulate conscious movement investment is to provide participants with instructions that encourage them on where to focus (Wulf, 2013). It has been shown that focusing on the movements themselves (i.e., internal focus) increases conscious investment of explicit movement-related knowledge while focusing on the effects of movements (i.e., external focus) reduces conscious movement investment (Poolton et al., 2006). Therefore, to manipulate conscious movement investment, internal and external foci of attention were utilized. We also tested to what degree the effect of conscious movement investment on inhibition was moderated by the participants’ inclination for conscious movement investment as assessed by the MSRS.

In Experiment 2, rather than using the GNG task, we used the stop-signal task (SST) to assess movement inhibition. The SST requires participants to perform a choice reaction time task (CRTT) by pressing buttons in response to different go signals. The stop signal (e.g., a change in the colour of the go signal) occurs shortly after the go signal, requiring participants to withhold the response (Verbruggen and Logan, 2008). Because the stop response is preceded by a combined go and stop signal, the mapping between the stop signal and stop response is inconsistent. This inconsistency necessitates that participants continually prepare to stop, thereby requiring higher levels of conscious attention in the task compared to the GNG task (Verbruggen and Logan, 2008), presumably increasing conscious movement investment as well. Hence, in Experiment 2, we examined the relationship between the inclination for conscious movement investment, as measured with the MSRS, and movement inhibition on the SST.

Finally, in Experiment 3, we manipulated the capacity for conscious movement investment by depleting participants’ resources upon which conscious movement investment depends – that is, the resources for self-control. Self-control refers to the capacity to override or alter predominant responses, and it represents a limited cognitive resource that depletes with exertion. The state that follows the depletion of self-control is referred to as ego-depletion (Baumeister et al., 2007; Hagger et al., 2010). In the SST, participants presumably invest more conscious effort in task execution compared to the GNG task, especially individuals with higher inclination for conscious movement investment. Maintaining conscious movement investment requires self-control resources as it is one form of self-control (Bruya, 2010). Thus, in Experiment 3, we manipulated the capacity for conscious movement investment using a validated dual-task paradigm for ego-depletion (Hagger et al., 2010; Pohl et al., 2013). We assessed whether reducing the capacity for conscious movement investment influenced movement inhibition as assessed by the SST. Like in Experiment 1, we also tested whether the effects, if any, were moderated by the inclination for conscious movement investment.



2 Experiment 1

A few studies have suggested that a positive association exists between conscious movement investment and movement inhibition (Beilock and Gray, 2012; Park et al., 2020). This evidence is derived from a comparison across groups of individuals, who presumably showed different degrees of conscious investment in movement monitoring and control. However, the degree of conscious movement investment was not directly manipulated in those studies. Hence, in Experiment 1, we examined the effect of various degree of conscious movement investment on inhibition in the GNG task. Additionally, following Park et al. (2020), we investigated whether the inclination for conscious movement investment moderated this effect. To increase conscious movement investment, we instructed participants to direct attention to the movement while performing the GNG task (i.e., internal focus; Wulf and Su, 2007) and compared this with their performance when instructed to focus on the effect of the movement (i.e., external focus). It is presumed that an internal focus increases conscious attention to the movement, which not only results in less fluent (or automatic) movement execution (Kal et al., 2013) but also in worse performance outcomes compared to an external focus (Wulf et al., 1998; Wulf and Prinz, 2001; Wulf and Su, 2007; Wulf, 2013).

Hence, in Experiment 1, we aimed to manipulate participants’ levels of conscious movement investment in the GNG task by requiring them to perform under internal and external focus instructions and measured their inclination for conscious movement investment via the MSRS. We predicted that internal focus instructions and the concomitant increase in conscious movement investment would result in increased inhibition as reflected by a lower frequency of commission errors in comparison to external focus instructions, especially among the participants who show a strong inclination for conscious movement investment.


2.1 Materials and methods


2.1.1 Participants

A total of 41 participants (age: 31.0 ± 3.8 years old, 16 males, 25 females) from Taiwan and the Netherlands were recruited through the internet. G*power (version 3.1.9.6) showed at least 34 participants were need for detecting a within-between interaction with a power level of 80%, a moderate effect size of 0.25 at a significance level of 0.05. Participants self-reported handedness: 37 were right-handed, 3 were left-handed, and 1 was ambidexter. None of the participants reported a history of neurological or motor problems, or of having visual impairments. The study was approved by the local institution’s ethics committee and participants gave informed consent before the start of the experiment.



2.1.2 Tasks and materials


2.1.2.1 MSRS

Movement-Specific Reinvestment Scale comprises of 10 items loading on 2 factors (Masters et al., 2005). Five items assess conscious movement processing, such as, “I try to figure out why my actions failed,” while the other five items gauge, according to a recent interpretation, conscious movement monitoring (Malhotra et al., 2015), for example, “I am aware of the way my body works when I am carrying out a movement.” Each item is rated on a 6-point Likert scale, ranging from 1 (strongly disagree) to 6 (strongly agree). The cumulative scores range from 10 to 60, the higher the score the stronger the inclination for conscious movement investment.



2.1.2.2 GNG task

The GNG task (see Figure 1) comprised of an initial practice block of 5 trials and two test blocks of 50 trials with go and no-go trials. In each block, the ratio of go trials and no-go trials was 4:1 (Park et al., 2020). On each trial, a white cross surrounded by a white circle (i.e., the starting signal) was displayed at the centre of the screen for 500 ms indicating the beginning of the trial, which was followed with a right-pointing or left-pointing arrow displayed for 1,000 ms. On go trials, a green left-pointing or right-pointing arrow served as the go signal. Participants were asked to press the S or K key as quickly as possible after the green left-pointing or right-pointing arrow appeared on the screen, respectively. On no-go trials, a red left-pointing or right-pointing arrow served as the no-go signal and participants were instructed not to press any key if a red signal appeared. Both go signals and no-go signals remained visible until participants pressed one of the keys or after 1,000 ms had passed. To increase conscious investment in the movement, participants were required to use their left and right ring fingers instead of their index fingers as is normally required in the GNG task. On go trials, if participants had not responded within 1,000 ms or if they had pressed the wrong key within 1,000 ms, the trial was considered as an omission trial or a wrong trial, and feedback was given, stating “You should have pressed” or “Wrong key” for 1,250 ms, respectively. On no-go trials, if participants pressed any key within 1,000 ms, the trial was considered as a commission trial and feedback was provided, stating “You should not have pressed” for 1,250 ms. A black screen with a white circle frame was shown for 1,000 ms after a go or no-go signal, or the feedback disappeared.


[image: Flow chart of a signal detection task. It starts with a circle with a plus sign labeled "starting signal" for 500 milliseconds. Two paths follow: 80% to a green left arrow labeled "go signal" for 1000 milliseconds, and 20% to a red left arrow labeled "no-go signal" for 1000 milliseconds. Both paths lead to a circle labeled "ITI" for 1000 milliseconds.]

FIGURE 1
Schematic representation of the trial sequence of the GNG task. The go and no-go signal were either a left-pointing or right-pointing arrow, only the left-pointing arrow is shown here.





2.1.3 Procedure

Because of the COVID-19 pandemic, the entire experiment, including the MSRS and the GNG task, was programmed on the online website PsyToolKit (Stoet, 2010, 2017). PsyToolKit has been shown to be comparable to E-prime 3.0, a widely used psychological research tool in laboratory setting (Kim et al., 2019). Besides, the official website states that the internet speed does not influence the response times (PsyToolkit, 2021). Participants were asked to use a laptop or a desktop computer and a keyboard in a quiet room. They were asked to sit comfortably in front of the screen and first completed the MSRS. Following that, they performed the GNG task in the internal focus and the external focus conditions, the order of which was counterbalanced among participants. There was short break between blocks and two conditions.

The internal and external focus conditions only differed in how the instructions were formulated. In the internal focus condition, the participants were instructed to “use the left ring finger for pressing the S key and the right ring finger for pressing the K key. In doing so, focus your attention to your finger movement.” In the external focus condition, they were instructed to “use the left ring finger for pressing the S key and the right ring finger for pressing the K key. In doing so, focus your attention to the motion of the key.” To reinforce conscious movement investment throughout the GNG task, a cue with the text “keep your attention on your finger movement” or “keep your attention on the key motion” showed up after the 5th, 10th, 20th, 30th, and 40th trial of two test blocks in both the internal and external focus condition.

The participants performed the GNG task after they had participated in the SST3 to be reported in Experiment 2.



2.1.4 Data analysis


2.1.4.1 Dependent variables

The MSRS score was calculated for each participant. For the two conditions, the mean reaction time for correct go responses (i.e., Go_Correct_RT), the ratio of correct responses to all responses on go trials (i.e., Go_Correct_Rate), the ratio of commission errors to all responses on no-go trials (i.e., No-Go_Commission_Rate) and the variability in reaction time on go trials (i.e., Go RTV; the ratio of the SD to the mean reaction time) were determined. The abbreviations of dependent variables are displayed in the Appendix.



2.1.4.2 Statistical analysis

We used R Studio (Version 1.4.1106) for data pre-processing and SPSS (Version 26) for statistical analysis. To categorize participants, we applied a mean split to the MSRS score, creating two groups: high MSRS and low MSRS. Next, the Go_Correct_RT, Go_Correct_Rate, No-Go_Commission_Rate, and Go RTV were submitted to separate 2 (group: high MSRS, low MSRS) by 2 (condition: internal, external) ANOVAs with repeated measures on the last factor. The simple main effect analysis was planned to follow up significant effects. Effect sizes were calculated with partial eta-squared (i.e., [image: Greek letter eta with a superscript two and a subscript p.]). Values of 0.01, 0.06, and 0.14 were interpreted as small, medium, and large, respectively.





2.2 Results

According to the mean MSRS score (M = 41.76, SD = 8.97), 22 participants were assigned to the high MSRS group (M = 48.45, SD = 3.66), and 19 participants to the low MSRS group (M = 34.00, SD = 6.69). Table 1 shows that no differences between groups and conditions were apparent. Accordingly, the ANOVA did not reveal significant effects for group, condition, and group by condition (Table 2).


TABLE 1 Descriptives of Experiment 1.

[image: Table comparing high and low MSRS across internal and external conditions with metrics: Go_Correct_RT in milliseconds, Go_Correct_Rate percentage, No-Go_Commission_Rate percentage, and Go RTV. High MSRS shows slight differences between internal and external conditions, with Go_Correct_RT at approximately 393.76 and 397.73 ms, respectively. Low MSRS indicates Go_Correct_RT of 401.62 and 405.00 ms. Standard deviations are provided in parentheses.]


TABLE 2 Statistics of Experiment 1.

[image: A statistical table displays three comparisons (Group, Condition, Group x Condition) for four metrics: Go Correct RT (ms), Go Correct Rate (%), No-Go Commission Rate (%), and Go RTV. Each comparison includes values for F(1,39), p-value, and partial eta squared (η²ₚ). The values show variability across the comparisons with significance levels denoted for each metric.]



2.3 Discussion

In Experiment 1, we investigated whether the degree of conscious movement investment affects inhibition. To manipulate conscious movement investment, participants performed the GNG task with internal and external focus instructions. We hypothesized that an internal focus of attention increases conscious movement investment and would result in enhanced inhibition performance compared to an external focus of attention, especially for participants with a high inclination for conscious movement investment.

Neither participants’ inclination for conscious movement investment nor the momentary degree of conscious attention for movement execution influenced inhibition performance in the GNG task. That is, the most critical indicator, commission rate, did not differ as a function of group or focus condition. Also, the more indirect measures for inhibition performance did not show any differences (see Table 1). This included the variability in reaction time of go trials (i.e., Go RTV), which was previously reported to correlate to the MSRS score (Park et al., 2020). These findings suggest that inhibition was not influenced by the degree of conscious movement investment or the inclination to consciously invest in movement execution.

One concern with the generality of this conclusion is that our manipulation of focus of attention may have been insufficiently successful. Typically, it is found that increased attention to the movement disrupts performance, especially if they concern well-developed automatic movements, such as the current button-press movements (Wulf and Su, 2007; Kal et al., 2013). For the current experiment this would have meant decreased performance for the go response in the internal focus condition. However, the correct rate and reaction time on go trials did not differ significantly between two focus of attention instructions. This accords with Ziv and Lidor (2021), who recently reported that they failed to show a difference between internal and external focus of attention instructions on a CRTT and a Simon task. Perhaps the simple button-press movements are immune to the attentional focus manipulation and/or only demand low levels of conscious movement investment. However, this remains an assumption, as Experiment 1 did not evaluate how well the two groups followed the focus of attention instructions. Future research should address this by assessing it directly. For instance, a post-manipulation questionnaire could be an effective method (Lawrence et al., 2011). An additional alternative explanation for the observed lack of difference is that participants may have learned the mapping between no-go signal and stop response, potentially reducing any contrast in conscious movement investment across the two attentional conditions. Indeed, Verbruggen and Logan (2008) previously found that inhibition became quickly automatic in the GNG task. Hence, it is important to reconsider the relationship between conscious movement investment and inhibition with task constraints that potentially induce higher levels of conscious movement investment.




3 Experiment 2

In Experiment 2, we investigated the purported positive relationship between conscious movement investment and movement inhibition using the SST, which is argued to require increased levels of conscious attention to the task compared to the GNG task (Verbruggen and Logan, 2008). In the SST, the mapping between a no-go or stop signal and a stop response varies, in contrast to the consistent mapping between a no-go signal and a stop response in the GNG task (Verbruggen and Logan, 2008). The inconsistent mapping in the SST means that participants continuously need to be prepared to inhibit a go response. In this sense, participants must pay greater conscious attention to the SST, which is presumably associated with greater conscious investment in movement. Another advantage of using the SST is that it provides a more quantitative measure for movement inhibition, instead of only estimating the frequency of commission errors. That is, the primary measure is the stop-signal reaction time (SSRT), indicating the time needed to halt an intended movement response. Consequently, in Experiment 2, we determined the SSRT and examined whether it differed between participants who show high and low inclinations to conscious movement investment, using the MSRS. We hypothesized that the SSRT would be shorter for participants with a high inclination for conscious movement investment compared to those with a low inclination for conscious movement investment.


3.1 Materials and methods


3.1.1 Participants

The participants were the same as the Experiment 1.



3.1.2 Tasks and materials


3.1.2.1 MSRS

See Experiment 1.



3.1.2.2 The choice reaction time task

Participants performed a CRTT (see Figure 2). The CRTT consisted of one practice block of 16 trials and 1 test block of 48 trials. On each trial, a white cross surrounded by a white circle (i.e., starting signal) was displayed at the centre of the screen for 500 ms, indicating the beginning of the trial. This was followed by a green left- or right-pointing arrow, with a 1:1 ratio, that served as the go signal and was displayed for 1,000 ms. Participants were asked to press the A key with the left index finger or the L key with the right index finger as quickly as possible, when the left- or right-pointing arrow was shown, respectively. The go signals remained on the screen until participants pressed one of the keys or when 1,000 ms had passed. On each trial, if participants did not respond within 1,000 ms or pressed the wrong key within 1,000 ms, the trial was considered an omission trial or a wrong trial, and feedback was provided stating “You should have pressed” or “Wrong key” for 1,250 and 2,000 ms, respectively. If reaction time was longer than 500 ms (on correct go trials), feedback was provided stating “Too slow” for 1,250 ms to re-emphasize being as quickly as possible. A black screen with a white circle frame was shown for 1,500 ms after the go signals or after the feedback disappeared.


[image: Diagram depicting a sequence with three stages: a starting signal with a plus sign inside a circle for 500 milliseconds; a go signal with a green left arrow inside a circle for 1000 milliseconds; and an inter-trial interval with an empty circle for 1500 milliseconds.]

FIGURE 2
Schematic representation of the trial sequence of the CRTT. The go signal was either a green left- or right-pointing arrow. Only the left-pointing arrow is shown here.




3.1.2.3 SST

The SST (see Figure 3) comprised of one practice block of 20 trials and four test blocks of 60 trials. The ratio of go trials and stop trials was 4:1 in each block. The go trials in the SST were identical to the trials in the CRTT. In other words, the required response to go signals and feedback were identical. Participants were asked to respond as quickly as possible. Like the go trials, the same green left- and right-pointing arrows surrounded by a white circle were shown (with a ratio of 1:1), but with the white circle turning red on stop trials. This change in colour served as the stop signal, occurring after the go signal with varying time delays known as the stop-signal delay (SSD). The longer the SSD, the more difficult it is to inhibit the go response. The SSD was varied using the tracking procedure (Verbruggen et al., 2019). More specifically, when participants successfully withheld a response to a go signal, the SSD increased by 50 ms on the next stop trial; when participants failed to inhibit the go response, the SSD decreased by 50 ms on the next stop trial. The initial SSD was set 183 ms, and the minimum SSD was set 33 ms. The go and stop signals remained on the screen until participants pressed one of the keys or when 1,000 ms had passed. If participants failed to inhibit the response on stop trials, feedback was given stating “You should not have pressed” for 1,250 ms. A black screen with a white circle frame was shown for 1,500 ms after the go or stop signals or after the feedback disappeared.


[image: Flowchart of a signal process with four stages. Starting with a "+" sign for 500 milliseconds, it moves to a green left arrow indicating a "go signal" for 1,000 milliseconds. It then splits, with 80 percent continuing the same signal and 20 percent showing a red-circled green left arrow as a "stop signal" for 1,000 minus SSD milliseconds. The final stage is a blank white circle, labeled "ITI," for 1,500 milliseconds.]

FIGURE 3
Schematic representation of the trial sequence of the SST. The go or stop signal was either a left or a right-pointing arrow. Only the left-pointing arrow is shown here.





3.1.3 Procedure

The experiment was done online. Participants were asked to use a laptop or a desktop computer and a keyboard in a quiet room and asked to sit comfortably in front of the screen. They first completed the MSRS. Following that, they performed the CRTT and SST in this sequence. There was short break between blocks and tasks.



3.1.4 Data analysis


3.1.4.1 Dependent variables

The MSRS score was calculated for each participant. For the CRTT, we determined the following dependent variables: the mean reaction time on all go trials (i.e., CRTT_Go_RT) and the ratio of correct responses to all responses (i.e., CRTT_Correct_Rate). For the SST, we determined the mean reaction time on all go trials (SST_Go_RT), the ratio of correct responses to all responses on go trials (i.e., SST_Go_Correct_Rate), the mean reaction time on stop trials where participants failed to stop or cancel the response (i.e., SST_Uncancelled_RT), the ratio of uncancelled responses to all responses on stop trials (i.e., SST_Uncancelled_Rate), and the mean SSD (i.e., SST_SSD). Because slowing down the go response might distort the estimation of SSRT (Band et al., 2003; Boehler et al., 2012; Verbruggen et al., 2013), response slowing was measured by subtracting the CRTT_Go_RT from the SST_Go_RT to check for the presence of distortion in each participant. Finally, and most importantly, the SSRT was estimated. The SSRT is the time interval between the onset of the stop signal and the end of the stop process. This cannot be measured directly and is therefore estimated based on the independent horse-race model (Verbruggen et al., 2019). This model assumes that movement inhibition is a race between two independent processes: the go process triggered by the go signal and the stop process triggered by the stop signal. If the go process is faster than the stop process, the response cannot be inhibited. However, if the stop process is faster than the go process, the response will be inhibited. We used the integration method to estimate the SSRT (Matzke et al., 2018). The moment at which the stop process finishes is estimated by integrating the distribution of reaction times on go trials and identifying the point at which the integral equals the SST_Uncancelled_Rate. In other words, the end of the stop process corresponds to the reaction time on go trials at the percentile that corresponds to the SST_Uncancelled_Rate (n-th RT) (i.e., including go trials with a wrong response or an omission response, where an omission response was replaced by the maximum reaction time, that is, 1,000 ms). For example, if the total number of go trials is 300, and the SST_Uncancelled_Rate is 0.45, then the n-th RT is the 135th fastest RT on Go trials (i.e., 300 × 0.45). SSRT is then estimated by subtracting SST_SSD from the n-th RT (i.e., SSRT = n-th RT – SST_SSD). In this study, we adopted the block-wised integration method to estimate the SSRT. Specifically, SSRT in each block was estimated solely, and then the summary SSRT was calculated by averaging the SSRTs of the four blocks (Verbruggen et al., 2013; Matzke et al., 2018). The abbreviations of dependent variables are displayed in the Appendix.



3.1.4.2 Statistical analysis

R studio (Version 1.4.1106) was used to pre-process the data, and SPSS (Version 26) was used for statistical analysis. We used a mean split for the MSRS score to assign individual participants to either the high MSRS group or the low MSRS group. Next, to reliably estimate the SSRT, several assumptions were tested based on the independent horse-race model (Logan and Cowan, 1984). First, if for an individual participant the SST_Uncancelled_RT was longer than the SST_Go_RT, then the participant was excluded because this would violate the assumption of independence of the go and stop processes that underpins the horse-race model (Verbruggen et al., 2019). However, no participants were excluded for this reason. Second, if a participant’s SST_Uncancelled_Rate was higher than 85% or lower than 15%, the participant would also be excluded (Chen et al., 2009). Again, this did not apply to any participant. Finally, the independent t-tests were performed to examine differences between the high and low MSRS group. Significant levels were set at the 0.05 level. Cohen’s d was calculated to estimate the effect size with values of 0.2, 0.5, and 0.8 considered as small, medium, and large, respectively.





3.2 Results

The assignment of participants to the high and low MSRS groups was identical as in Experiment 1. Table 3 reports the results of Experiment 2. We did not find any difference between the two groups. Importantly, there were no significant differences between the two groups in SSRT, t(39) = −1.63, p = 0.11, d = −0.51.


TABLE 3 Descriptives and statistics of Experiment 2.

[image: A table compares performance metrics between high and low MSRS groups. Metrics include SST Go RT, SST Go Correct Rate, SST Uncancelled Rate, Response Slowing, and SSRT. Each metric shows means and standard deviations for both groups, and statistical values: t-values, p-values, and effect sizes (d).]



3.3 Discussion

In Experiment 2, we compared inhibition performance on the SST for participants with a high and low inclination for conscious movement investment. Unlike the GNG task used in Experiment 1, the inconsistent signal-response mapping in the SST would increase the level of conscious involvement in task, likely increasing conscious movement investment as well. We hypothesized that individuals with a high inclination for conscious movement investment would need less time to stop in response to the stop signal (i.e., SSRT) compared to individuals with a low inclination for conscious movement investment.

However, the SSRT, which is considered the main indicator for inhibition performance on the SST, did not differ between the participants with a high and low inclination for conscious movement investment. As per Experiment 1, it is possible that simple button-press movement responses may not demand a high level of conscious movement investment, even with inconsistent mapping between signal and response (Ziv and Lidor, 2021). Nonetheless, participants with a high inclination for conscious movement investment showed a nonsignificant tendency to more often forego a go response (i.e., reflecting a lower accuracy rate on go trials) and to fail to inhibit after a stop signal in comparison to participants with a low inclination for conscious movement investment (see Table 3). Possibly, the participants with high inclination for conscious movement investment might have differently traded off the requirements for a fast response and successful inhibition (Castro-Meneses et al., 2015; Schmitt et al., 2018). However, with the current smaller sample size, caution must be applied, also in interpreting the null finding for the more critical SSRT.

In sum, we found no support in the current experiment for the proposal that participants with a high propensity for conscious movement investment would show shorter inhibition times. Yet, with the small sample size, this finding needs to be reassessed. In that respect, one might anticipate that if, in addition to differences in participants’ inclination for conscious movement investment, the capacity or resources for actual conscious investment in movement were manipulated, this would provide a stronger test of the putative influence of conscious movement investment on inhibition.




4 Experiment 3

In Experiment 3, we manipulated the capacity for conscious movement investment by depleting the resources for self-control. According to the self-regulation strength model, the resources for acts of self-control are limited (Baumeister et al., 2007). Due to this limited capacity, if self-control resources are depleted (i.e., the energy for mental activities is low), then self-control will be impaired in a subsequent task (Baumeister et al., 2007). Consequently, in Experiment 3, participants first performed the SST to determine baseline inhibition performance. The self-control resources of the participants were then depleted using a transcriptional task (Englert and Bertrams, 2014), after which they performed the SST again. This allowed us to test whether a reduced capacity for conscious movement investment following the ego-depletion resulted in prolonged SSRT, and whether this would be moderated by the participant’s inclination for conscious movement investment. We hypothesized that participants with a high inclination for conscious movement investment would show larger increase in SSRT after depletion (i.e., in the post-intervention test compared to the baseline test) than participants with a low inclination for conscious movement investment.


4.1 Materials and methods


4.1.1 Participants

A total of 40 participants (age: 24.3 ± 3.4 years old, 16 males, 24 females) were recruited through the internet, who were mostly from Indonesia, the Netherlands, and France. They did not participate in Experiments 1 and 2. A medium-to-large effect for ego-depletion on self-control dependent variables was reported, that is, Cohen’s d = 0.62 (Hagger et al., 2010). We converted, Cohen’s d in f based on the equation [image: Image shows a mathematical expression: lowercase letter "d" over the number 2, indicating "d divided by 2".] resulting in a f of 0.31(Correll et al., 2020). G*Power (version 3.1.9.6) showed that at least 36 participants were needed to detect a three-way interaction with a power level of 80% at a significance level of 0.05. None of the participants reported a history of neurological or motor problems or visual impairments. The experiment was approved by the local institution’s ethics committee and participants gave their informed consent before starting the experiment.



4.1.2 Tasks and materials


4.1.2.1 MSRS

See Experiment 1.



4.1.2.2 CRTT

The CRTT comprised of one practice block of 40 trials. However, participants could quit the practice block after having pressed the correct key in the first 20 trials. This was followed by a test block of 50 trials. On each trial, a white cross (i.e., starting signal) was displayed at the centre of the screen for 500 ms, indicating the beginning of the trial, followed by a black screen that was presented for 200 ms. Next, a white circle appeared on the left or right side of the screen for 1,000 ms. This white circle served as the go signal. Participants were instructed to press the F key with the left index finger or the J key with the right index finger as quickly and accurately as possible when the white circle appeared on the left or right side of the screen, respectively. If participants pressed the wrong key within 1,000 ms, the trial was considered a wrong trial and feedback was given stating “Wrong key.” The feedback was shown for 2,000 ms. The go signal remained on the screen until participants pressed one of the keys or after 1,000 ms had passed. A black screen was shown for 1,000 ms after a go signal or the feedback had disappeared.



4.1.2.3 SST

The SST4 procedure adopted in Experiment 3 was based on previous research (Chen et al., 2009; Wang et al., 2013) and differed from the SST used in Experiment 2. It consisted of two phases; the first phase was to measure a participant’s SSD at which the uncancelled rate was around 50% (i.e., the critical SSD), the second phase was to measure a participant’s SSRT. This SST procedure helped to reduce the number of trials in the second phase compared to Experiment 2 (Chen et al., 2009). The SST had identical go trials as the go trials in the CRTT; that is, a white circle appeared at the left or right side of the screen. On stop trials, a second white circle, which is the stop signal, appeared at the centre of the screen following the go signal. Participants were asked not to press any key if it appeared. Both the go and stop signal remained on the screen until participants pressed one of the keys or 1,000 ms had passed. On go trials, the trial was considered a wrong trial if participants pressed the wrong button within 1,000 ms, and feedback was given stating “Wrong key.” The trial was considered an omission trial if participants did not press any button within 1,000 ms. If they pressed the correct key, but the reaction time was longer than 500 ms, feedback was given stating “Response too slowly.” This was done to prevent participants from slowing down the go response. On stop trials, if participants pressed any key within 1,000 ms, the trial was considered a commission trial, and feedback was given stating “You should not have pressed.” All feedback statements were shown for 2,000 ms. A black screen was displayed for 1,000 ms after a go or stop signal, or after the feedback had disappeared.

The SST consisted of two phases. Phase 1: In this first phase, the critical SSD was determined. It consisted of a practice block of 32 trials and several test blocks of 32 trials. The go and stop trials, with a ratio of 3:1 in each block, were presented in random order. For each participant, we manipulated the SSD across blocks to obtain the critical SSD. The SSD was set at 183 ms in the first block. If the cancelled rate was higher than 63%, the SSD increased by 50 ms in the next block; if the cancelled rate was lower than 38%, the SSD decreased by 50 ms in the next block; and if the cancelled rate was between 63% and 38%, the SSD remained the same in the next block. The first phase ended once the participant’s cancelation rate was between 63% and 38% in two consecutive blocks. The SSD in these blocks was considered as the critical SSD. Phase 2: The second phase consisted of a practice block of 24 trials and three test blocks of 48 trials. The ratio of go trials and stop trials was 3:1 in each block, and the types of trials were presented randomly. In each block, there were three different SSDs: (1) critical SSD − 50 ms; (2) critical SSD; and (3) critical SSD + 50 ms. Each SSD appeared four times in each test block in random order.



4.1.2.4 Transcriptional task

The Transcriptional Task was used to induce ego-depletion. The Transcriptional Task has been applied and validated in previous studies (Wolff et al., 2013; Englert and Bertrams, 2014). Following Englert and Bertrams (2014), participants received a neutral text (“Stalagmites and Stalactites,” 2011) and were asked to copy it. Participants in the ego-depletion group (i.e., EDG) were asked to copy the text, but requested to omit letters “a” and “i” so that the word “stalagmite” would then be typed as “stlgmte” and “stalactites” would be “stlcttes.” Because participants in this group needed to intentionally override the writing habits when they transcribed the text, self-control strength was expected to get depleted (Englert and Bertrams, 2014). Participants in the control group (i.e., CG) were instructed to copy the text verbatim, which did not require self-control strength. To verify (perceived) depletion, after participants had finished the Transcriptional Task, participants completed three questions on a 4-point Likert scale from not at all (1) to very much (4) (Bertrams et al., 2010). These included, “How difficult did you find the task?”, “How depleted do you feel at the moment?”, and “How effortful did you find the task?”). The total score was defined as the depletion scores.




4.1.3 Procedure

The experiment was done online. Figure 4 shows the design of Experiment 3. Participants were randomly assigned to either, the EDG and CG. Data collection took 2 days for each participant. On the first day, participants first completed the MSRS, and then performed the CRTT followed by phase 1 of the SST. At the second day, phase 2 of the SST was performed twice. After, the first or baseline test was completed, they performed the Transcriptional Task and then performed phase 2 of the SST again, the second or post-intervention test. After each block and task, participants were granted a short break, however, they were asked to perform the post-intervention test immediately after they had completed the Transcriptional Task (i.e., without a break).


[image: Flowchart depicting a two-day experimental procedure. Day one includes MSRS, CRTT, and the first phase of SST. Day two involves a baseline test for the second phase of SST, followed by two transcriptional tasks: EDG (omitting letters) and CG (verbatim copying). The day concludes with a post-intervention test of the SST second phase.]

FIGURE 4
The design of Experiment 3.




4.1.4 Data analysis


4.1.4.1 Dependent variables

The total score of the MSRS was calculated (i.e., MSRS score). For the CRTT, we measured the CRTT_Go_RT. For the SST, SST_Go_RT, SST_Go_Correct_Rate, SST_Uncancelled_RT, SST_Uncancelled_Rate, and most importantly, the SSRT were measured separately for the baseline and post-intervention test. The abbreviations of dependent variables are displayed in the Appendix. The SSRT for each of three SSDs was calculated using the integration method (including go trials with a wrong response or an omission response, where an omission response was replaced by the maximum reaction time, that is, 1,000 ms) and then averaged to obtain the mean SSRT (Wang et al., 2013). For the calculation of the SSRT of each SSD, SST_Uncancelled_Rates of 0 and 1 were replaced by 0.08 (1/12) or 0.92 (11/12), respectively, because the SSRT cannot be calculated for SST_Uncancelled_Rates of 0 or 1. For the Transcriptional Task, we counted the number of transcribed words and the number of mistakes in addition to the depletion scores.



4.1.4.2 Statistical analysis

R studio (Version 1.4.1106) was used to pre-process the data and SPSS (Version 26) was used for statistical analysis. A mean split was used for MSRS score to create a high and low MSRS group. In addition, initial perusal of the data showed large individual differences in the (perceived) depletion scores, also within the two intervention groups. Not all participants of the EDG were depleted, while participants in the CG were not always nondepleted. Because our interest is in the effects of the actual level of depletion (rather than whether or not participants had undergone the ego-depletion treatment), we also used mean split on the depletion scores to create a high and a low ego-depletion group (i.e., high and low ED group). Next, the SST_Uncancelled_RT and SST_Go_RT in both the baseline test and post-intervention test were compared for each participant. If the SST_Uncancelled_RT was longer than the SST_Go_RT in either the baseline test or post-intervention test, then the independence assumptions of the horse-race model were violated, and the participant would be excluded. No participant, however, was excluded for this reason. In addition, if a participant’s SST_Uncancelled_Rate was outside 15% and 85% range they would have been excluded as well from further analyses (Chen et al., 2009). Yet, this did not apply to any participant either. However, one participant in the CG was excluded because of very low SST_Go_Correct_Rate (i.e., 55.6%).

The number of transcribed words, the number of mistakes and the depletion scores of the high and low ED groups were compared using the independent t-tests. Next, the SST_Go_RT, SST_Go_Correct_Rate, SSRT, and SST_Uncancelled_Rate were submitted to a separate 2 (MSRS group: high MSRS, low MSRS) by 2 (ego-depletion group: high ED, low ED) by 2 (test: baseline, post-intervention) ANOVAs with repeated measures on the last factor. The simple main effect analysis was used to follow up significant effects. Because slowing down the go response might distort the estimation of SSRT (Band et al., 2003; Boehler et al., 2012; Verbruggen et al., 2013), the response slowing was measured by subtracting the CRTT_Go_RT from the SST_Go_RT. Specifically, if a significant three-way interaction on SSRT were to be revealed, response slowing would be submitted to a similar three-way ANOVA. Partial eta-squared ([image: Greek letter eta with a superscript two and a subscript p.]) was calculated for ANOVA to estimate the effect size with values of 0.01, 0.06, and 0.14 considered as small, medium, and large, respectively. Cohen’s d was calculated for the independent t-test to estimate the effect size with values of 0.2, 0.5, and 0.8 considered as small, medium, and large, respectively.





4.2 Results


4.2.1 Group assignment

According to the mean depletion scores (M = 7), 19 participants were assigned to the high ED group (M = 8.90, SD = 0.94) and 20 participants were assigned to the low ED group (M = 5.75, SD = 1.07). Table 4 shows that the high ED group had significant lower number of transcribed words compared to the low ED group, t(37) = 2.41, p = 0.02, d = 0.77, and the depletion scores were significantly higher for the high ED group compared to the low ED group, t(37) = −9.75, p < 0.001, d = −3.12. However, no significant difference between the two groups was found on the number of mistakes. According to the mean MSRS score (M = 42.77, SD = 8.53), 20 participants were assigned to the high MSRS group (M = 49.40, SD = 4.48) and 19 participants were assigned to the low MSRS group (M = 35.79, SD = 5.66).


TABLE 4 Descriptives and statistics of the transcriptional task in Experiment 3.

[image: Comparison table displaying results for High and Low ED groups. Metrics include transcribed words, depletion scores, and mistakes. High ED shows transcribed words as 566.68 (SD=16.40) and Low ED as 576.95 (SD=9.42) with \( t(37) = 2.41, p = 0.02, d = 0.77 \). Depletion scores are 8.90 (SD=0.94) for High ED vs. 5.75 (SD=1.07) for Low ED with \( t(37) = -9.75, p < 0.001, d = -3.12 \). Mistakes are 4.32 (SD=8.29) for High ED vs. 3.75 (SD=11.91) for Low ED with \( t(37) = -0.17, p = 0.87, d = -0.06 \). Numbers in parentheses indicate standard deviation. Bold denotes statistically significant p-values.]



4.2.2 SST

There were no significant main effects nor any significant two-way interactions with SSRT (Table 5). However, a significant MSRS group by ego-depletion group by test interaction was found, F(1,35) = 4.71, p = 0.04, [image: Apologies, I'm unable to view images. Please upload the image file or provide a URL, and I'll help you create alt text for it.] The simple main effect analyses indicated that the high MSRS group with high ego-depletion showed longer SSRT in the post-intervention test compared to the baseline test, p = 0.05 (Figure 5A). By contrast, the low MSRS group with high depletion scores did not show a significant difference between the two tests, p > 0.05. Additionally, neither the high MSRS group nor the low MSRS group with low depletion scores showed significant differences between baseline and post-intervention tests (Figure 5B), both ps > 0.05. The simple main effect analysis also revealed that in the post-intervention test the high MSRS group with high ego-depletion showed longer SSRT compared to the low MSRS group with high ego-depletion, p = 0.05 (Figure 5A). However, no difference in SSRT between the high and low MSRS group with high depletion scores in the baseline test was found, p > 0.05. Furthermore, no difference in SSRT between high and low MSRS group with low depletion scores in the baseline or post-intervention test was found, both ps > 0.05.


TABLE 5 Statistics of the stop trials in Experiment 3.

[image: A table compares statistical results for SSRT and SST_Uncancelled_Rate across different groups: test, ego-depletion, MSRS, and their interactions. It includes F-values, p-values, and partial eta-squared. Significant p-values under 0.05 are bolded, including 0.01 in "Test × MSRS" and 0.04 in "Test × ego-depletion × MSRS".]


[image: Bar graph comparing stop-signal reaction time (SSRT) for low versus high motor skill repetition strategy (MSRS) groups. Panel A shows significant differences between baseline and post-intervention tests. Panel B indicates no significant difference. White bars represent low MSRS, gray bars indicate high MSRS, with error bars showing variability.]

FIGURE 5
The SSRT in the SST for the low and high MSRS groups with high and low ego-depletion in the baseline and post-intervention test. (A) SSRT for the high and low MSRS group with high ego-depletion in the baseline and post-intervention test; (B) SSRT for the high and low MSRS group with low ego-depletion in the baseline and post-intervention test. Error bar represents the SEM. *p < 0.05.


The ANOVA for SST_Uncancelled_Rate showed a significant MSRS group by test interaction, F(1,35) = 6.98, p = 0.01, [image: The mathematical equation displays eta squared subscript p equals zero point one seven.]. The simple main effect analyses indicated that for the high MSRS group the SST_Uncancelled_Rate was higher in the post-intervention test compared to the baseline test, p = 0.02, while for the low MSRS group no difference between the two tests was found, p = 0.21 (Figure 6). In addition, a significant MSRS group by ego-depletion group interaction was found, F(1,35) = 4.16, p = 0.05, [image: The equation displays the photophysical quantum yield squared, denoted as η subscript p squared, equal to 0.11.]. However, the simple main effect analyses did not identify significant differences (Figure 7).


[image: Bar graph comparing SST_uncancelled_rate (%) between Baseline Test and Post-Intervention Test for Low MSRS and High MSRS groups. Post-Intervention Test shows a notable increase, marked by an asterisk, particularly in the High MSRS group. Error bars indicate variability.]

FIGURE 6
The SST_Uncancelled_Rate in the SST for the low and high MSRS groups in the baseline and post-intervention test. Error bar represents the SEM. *p < 0.05.



[image: Bar chart showing SST Uncancelled Rate percentages for low and high ego-depletion conditions. Low ego-depletion: Low MSRS around 60%, High MSRS around 50%. High ego-depletion: Low MSRS around 55%, High MSRS around 60%. Error bars are included.]

FIGURE 7
The SST_Uncancelled_Rate in the SST for the low and high MSRS groups and low and high ego-depletion group. Error bar represents the SEM.


For SST_Go_RT, SST_Go_Correct_Rate and response slowing, no main effects, two-way interactions and three-way interactions were found after performing three-way ANOVAs (Table 6), Table 7 displays the descriptives results.


TABLE 6 Statistics of the go trials in Experiment 3.

[image: A table displaying statistical results for three dependent variables: SST_Go_RT, SST_Go_Correct_Rate, and Response Slowing. Rows include Test, Ego-depletion group, MSRS group, and their interactions. Columns list F values (1,35), p-values, and η²p. Values are presented for each variable and interaction, showing significance levels and effect sizes.]


TABLE 7 Descriptives of the go trials in Experiment 3.

[image: Table showing results of SST Go reaction time, Go correct rate, and response slowing for high and low MSRS, and high and low ED, at baseline and post-intervention. Standard deviations are in parentheses.]




4.3 Discussion

In Experiment 3, we tested whether reducing the capacity for conscious movement investment using an ego-depletion procedure impaired movement inhibition, and whether such effect would be enlarged for participants with a strong inclination for conscious movement investment. We anticipated that a decreased capacity for conscious movement investment due to ego-depletion would slow down inhibition (i.e., increase SSRT), and especially among participants who have a higher inclination for conscious movement investment. Indeed, we found that, for participants who felt highly depleted, the SSRT was longer for those with a high MSRS score than for those with a low MSRS score in the post-intervention test. This difference occurred because highly depleted participants with a high MSRS score prolonged their SSRT after the ego-depletion procedure, while highly depleted participants with a low MSRS score did not show a significant change in SSRT. This aligns with our hypothesis that a decreased capacity for conscious movement investment can impair movement inhibition, but only in participants who have a high inclination for conscious movement investment. This is consistent with previous observations that suggest a positive relationship between the degree of conscious movement investment and movement inhibition (Beilock and Gray, 2012; Park et al., 2020).

In addition, we found that individuals with a relatively high inclination for conscious movement investment showed a higher uncancelled rate in the post-intervention test in comparison to the baseline test (cf. Experiment 2). This increase in failing to inhibit movement, however, was present irrespective of the feeling of depletion. Since prior studies have shown that the speed of the go process might affect the estimation of SSRT (Band et al., 2003; Boehler et al., 2012; Verbruggen et al., 2013), it might be argued that the higher uncancelled rate and longer SSRT in the post-intervention test for participants with a high inclination for conscious movement investment (and who feel highly depleted) may be attributed to participants being more strongly biased towards fast responding over successful stopping compared to the baseline test. However, we did not find any indication for response slowing (Table 6), suggesting that the longer SSRT in the post-intervention test compared to the baseline test for individuals with a high MSRS score and high depletion scores was not because of the strategy that they used (i.e., a different trade off) in two tests.

Together, these findings indicate that a purported decrease in capacity for conscious movement investment after the ego-depletion procedure can deteriorate the ability for movement inhibition, particularly in participants that are predisposed to consciously invest in movement performance.




5 General discussion

There is a strong consensus that conscious involvement in well-developed motor skills normally impairs motor performance (Beilock et al., 2002; Chell et al., 2003; Jackson et al., 2006, 2013). By contrast, Beilock and Gray (2012) and Park et al. (2020) signalled that conscious attention to movement may enhance movement inhibition, instead of disrupting it. They reported that individuals who likely have high degrees of conscious movement investment (i.e., because they are less skilled or have a high predisposition for conscious movement investment) showed better ability to stop than individuals with low degrees of conscious movement investment. However, the evidence presented remained circumstantial, because it was deduced from (purported) individual or group differences in conscious movement investment rather than its direct manipulation. Hence, the present study further examined the relationship between conscious movement investment and movement inhibition, not only by exploring (purported) differences in individuals’ conscious movement investment (Experiment 2), but also by comparing movement inhibition under conditions with distinct constraints on conscious movement investment (Experiments 1 and 3). Two hypotheses were formulated based on prior studies: (1) when constraints are imposed that alter conscious movement investment (i.e., by directing attentional focus away from the movement, Experiment 1) or the capability to consciously invest the movement (i.e., by limiting the available resources for conscious movement investment via ego-depletion, Experiment 3) then inhibition would be degraded; and (2) these effects would be more pronounced for individuals with a high inclination for conscious movement investment.

The two hypotheses were substantiated, but only in Experiment 3. Participants with a high propensity for conscious movement investment needed more time to stop their response when they felt mentally depleted, while no slowing down of inhibition was found among participants that felt less depleted and/or had a low inclination for conscious movement investment. This indicates that conscious movement investment can affect inhibition but only under a particular set of interacting constraints, as per Experiment 3. These conditions were seemingly not met in Experiments 1 and 2. The findings align with previous observations (Beilock and Gray, 2012; Park et al., 2020) and strengthen but nuance previous interpretations. In none of the three experiments did a direct comparison between individuals with (purported) high and low degrees of conscious movement investment reveal differences in movement inhibition, except when the task was demanding relative to available resources. In other words, neither the GNG task, even if attention was explicitly directed to the movement, nor the more difficult SST of themselves required sufficient conscious movement investment to affect inhibition. Only, when also the capacity for conscious movement investment was reduced, by depleting resources for self-control, inhibition slowed down. In other words, the degree of conscious movement investment can help to stop fast, but the effect only emerges from the dynamic interaction of individual (e.g., skill level, inclination for conscious movement investment, current resources for conscious movement investment) and task constraints (e.g., difficulty of the task).

In this respect, it is to be expected that more complex movement tasks with a higher number of degrees of freedom than the current button-press movement may show a more pronounced relationship between (the inclination for) conscious movement investment and movement inhibition, as was the case in Beilock and Gray (2012) golf putting task. Hervault et al. (2021) proposed that the time to stop or inhibit scales with the number of separate degrees of freedom to be controlled. Thus, future studies should consider using more complex movement tasks involving higher number of degrees of freedom.5 In fact, in a follow-up study, the present authors explored the relationship between (the inclination for) conscious movement investment and the inhibition of a golf putting stroke (You et al., 2024). This showed a relationship between conscious movement investment and stopping the golf stroke, but also suggested that this relationship is perhaps indirect via a change in movement kinematics.

Next to increasing the theoretical understanding of the relationship between conscious movement investment and motor inhibition, uncovering the constraints that affect inhibition is also of practical importance, for instance in sports performance. Athletes in open skilled sports, such as table tennis and baseball, often need to stop or adjust their planned movements to a constantly changing environment. Especially with severe time constraints, fast inhibition may bolster sport performance. There is an increasing amount of studies addressing how different degrees of conscious investment during practice or in preparation of the match shapes motor control and performance in competition and under pressure (e.g., Masters, 1992; Masters and Maxwell, 2008). This has led to proposals to preferably rely on training methods that reduce conscious investment. Yet, it is unclear whether these findings generalize to stopping or adjusting of movements. Clearly, it is of high practical relevance to shed further light on these issues.

Although the current study provides additional insights compared to previous studies, it is important to acknowledge some limitations. First, although we also manipulated the demand for conscious movement investment, and thus did not fully rely on presumed interindividual differences in conscious movement investment, it remains imperative for providing more direct evidence that subsequent research finds ways to gauge participants’ actual levels of conscious movement investment, such as using verbal knowledge protocols to measure the amount of explicit movement-knowledge accumulated. Second, all three studies were conducted online because of the restrictions associated with the COVID-19 pandemic. While online research allowed researchers to continue their work during the pandemic, Finley and Penningroth (2015) argued that online research is less-controlled compared to laboratory-based research. Thus, replicating the findings in more controlled laboratory setting is important.



6 Conclusion

To conclude, the present research provides some evidence that increased conscious movement investment is associated with enhanced inhibition, and thus that conscious investment in movement is not generally debilitative. However, we also show that the effects of conscious investment in movement always emerge from the interaction with other constraints, such as, task difficulty, skill level, the inclination for conscious investment and the available resources.
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Footnotes

1      The concept of conscious movement investment is adapted from the theory of reinvestment (Masters and Maxwell, 2008). The theory of reinvestment holds that automatized movements are disrupted if a skilled performer re-uses or re-invest task-relevant declarative or explicit movement-related knowledge to monitor and control a movement. This especially happens under stressful circumstances (Masters, 1992). With conscious movement investment, we refer to the same process of using explicit movement-related knowledge to monitor and control a movement but in a more general way, also including novice performers deliberately monitoring and controlling movements in non-stressful circumstances.

2      The reversal of causality relative to Beilock and Gray (2012) and our arguments.

3      In the pilot work, we found the SST to be a more fatiguing task and decided to run it first. However, while structuring the paper, we determined that presenting it in the current sequence was better.

4      To reduce the number of trials in the SST for both tests, we adopted a different SST procedure (Chen et al., 2009; Wang et al., 2013). This resulted in the visual stimuli and procedures for the CRTT and SST in Experiment 3 being different from those in Experiment 2.

5      The present button-press tasks were chosen because they allowed us to continue experimental investigations during COVID-19 lock downs. Consequently, participants participated from home. The resulting impoverished interactions between experimenter and participants may have unknown effects on participants’ task performance.
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Purpose: To test spatial ability in athletes with different axial rotation experience and analyze their behavioral data to explain the cognitive mechanisms of spatial ability in athletes.
Methods: Experiment 1: A total of 147 athletes were selected for the paper-and-pencil mental rotation test (MRT). The athletes were separated according to three sport types: open high-spatial (OH) sport, closed high-spatial (CH) sport, closed low-spatial (CL) sport. Spatial ability testing with a two-factor mixed experimental design of 3 (sport type) × 2 (stimulus type). Experiment 2: In this study, 47 players were selected for computerized mental rotation test, with a three-factor mixed experimental design of 3 (sport type) × 2 (angle: 45°, 90°) × 3 (rotational axis: left–right axis, up–down axis, and front–back axis). Repeated-measures ANOVA was performed to evaluate the data.
Results: (1) The CH group and OH group outperformed the CL group in the non-embodied task (all ps < 0.003) and the CH group was better than the other groups in the embodied and tasks (all ps < 0.008). (2) Under 45° rotational conditions, the reaction time (RT) for the left–right (LR) and up–down (UD) axes were shorter than that for the front-back (FB) axis (all ps < 0.026). However, under 90° conditions, the RT for FB < LR < UD, with superior accuracy and rotational speed for the FB axis than for the LR and UD axes (all ps < 0.034). (3) Male players from the CH and CL groups had shorter RTs than did those from the OH group at both angles (all ps < 0.047). For female players, the CH group presented a shorter RT than the OH and CL groups did at 90° (all ps < 0.006). (4) No sex difference was found for paper and pencil MRTs, but a male advantage existed only in the CL group for computerized MRTs (p = 0.005).
Conclusion: The motor skills associated with axial rotation could promote mental rotation performance and compensate for sex differences in mental rotation ability.

Keywords
 mental rotation; sport type; axial rotation; sex; age


1 Introduction


1.1 Mental rotation

Mental rotation (MR) is a type of intelligence in the spatial cognitive system and refers to the ability to generate, retain, extract, and transform visual images (Wai et al., 2009). Only with good mental rotation ability can we learn and complete precise operations when dealing with complex environments, which is necessary not only in daily life but also in the process of learning and performing movement skills. Therefore, mental rotation is important for the psychological development of elite individuals.


1.1.1 Transformations

Mental rotation consists of two different classes of representations according to the reference frame of rotation: object-based representation and egocentric transformation (Zacks et al., 2002). In the former, subjects perform rotation operations from the third-person perspective, such as watching the leftward movement. In the latter, subjects rotate themselves from a first-person perspective, such as imagining themselves making a leftward turn. According to previous studies, same–different judgments about pairs of pictures are often required for object-based representation and left–right judgments about single pictures for egocentric transformation (Zacks et al., 2000). Voyer et al. (2017) investigated the effect of stimulus type (embodied: hand and non-embodied: letter) on egocentric (left–right judgment) or object-based (same-different judgment) processing in mental rotation and demonstrated that the mental rotation slope for response time was steeper for object-based than for egocentric transformations, verifying different patterns of these two kinds of mental rotation.



1.1.2 Measurement methods

The classical mental rotation test was designed by Shepard and Metzler (1971). Scholars have conducted a variety of experiments based on this paradigm from different perspectives. However, Jansen reported that different measurements can also affect the results (Jansen et al., 2012). Compared with paper and pencil tests, computerized MR tests have been conducted in recent years, which regularly report better performance for men (Debarnot et al., 2013; Peters et al., 2007). Moreover, the number of possible alternatives and whether they are presented as pairwise mirrors are often employed, and a novel study has shown that the overall performance is lower for more alternatives and for mixed alternatives but not for their interaction, suggesting that the differences between tests affect performance (Jost and Jansen, 2023).



1.1.3 Angle effect

As most researchers have shown (Jola and Mast, 2005; Shepard and Metzler, 1971), RTs increase gradually as a function of angular disparity, which means that the more the angle is rotated, the more time the participants are required to react. This may account for the cognitive load at different angles. The cognitive load is one of the factors that influences mental rotation ability (Morawietz and Muehlbauer, 2021). Bennett reported that as the cognitive load increases, participants’ accuracy in working memory tasks decreases (Bennett et al., 2013). Studies have confirmed that as interference (i.e., large angular disparity) intensifies, participants’ processing of information decreases (Gignac and Vernon, 2003; Bauer et al., 2022).



1.1.4 Individual differences

Studies have suggested that there is at least one sensitive period in the development of adolescents’ MR ability (Quaiser-Pohl et al., 2014). MR ability develops rapidly after the age of 10 years and tends to mature around the age of 14–17 years (Doerr et al., 2021; Rahe et al., 2018; He et al., 2019) but gradually decreases with age after the age of 20 years (Borella et al., 2014). In terms of adolescents, middle school students can accurately complete mental rotation tasks (Neuburger et al., 2011). Therefore, adolescent athletes were chosen as the subject of this study.

Additionally, sex differences have been widely studied in the field of MR. Studies have shown that the spatial cognition ability of males is greater than that of females (Hegarty and Waller, 2005). The researchers compared the mental rotation ability of 42 males and 42 females and reported that sex was an effective factor in predicting mental rotation test scores; that is, males had stronger mental rotation ability than females did. One study compared the spatial ability of adolescents with expertise in STEM, arts, and sports with that of their unselected peers to assess sex differences across expert groups. They reported that sex differences persisted in all expert groups (Tsigeman et al., 2023). The reason may be that men are more likely to use the global-shaped strategy and more holistic strategies than women are (Hegarty, 2018). However, when the stimulus type was changed from letter to hand, a reduced male advantage for egocentric rotations compared with object-based rotations was found (Voyer et al., 2017).




1.2 Motor skill learning and mental rotation


1.2.1 Embodied MR for motor experts

As a type of representational operation, mental rotation involves similar cognitive processing to that of real rotation (Wohlschläger and Wohlschläger, 1998). A previous study revealed that the motor areas of the brain are also activated when individuals mentally rotate (Jordan et al., 2002). Therefore, mental rotation ability is closely related to motor expertise (Jost et al., 2023). Some studies have compared the mental rotation ability of individuals with different degrees of sports experience and reported that the mental rotation ability of expert athletes is better than that of ordinary people (Moreau et al., 2015; Schmidt et al., 2015; Moreau et al., 2011). Athletes manipulate and move their bodies in space to practice and improve their skills. Therefore, the advantage for athletes in mental rotation ability after years of training is actually a process of embodiment. In light of embodied cognition, cognitive processing is based on the physical state (Wilson, 2002; Gallese and Sinigaglia, 2011), and all types of cognitive activities, such as thinking, classification and judgment, are not just information processing in the brain but are closely related to one’s physical properties, perception, and movement ability.



1.2.2 Sport type

Previous studies have shown that the embodied MR ability of athletes is moderated by sport type. Different sports have different effects on mental rotation ability. Studies have shown that gymnastics and orienteering participants have better mental rotation abilities than soccer and running participants do (Jansen and Lehmann, 2013; Schmidt et al., 2015). Accordingly, it has been further suggested that the stronger the correlation between mental rotation task stimuli and sports experience is, the better the athletes’ performance and that the mental rotation ability of athletes in different sports shows “selective influence” (Feng et al., 2017). According to the perspective of action imitation theory, some mental representations and internal mechanisms are shared between motor representations and action execution (Barsalou, 2008). After training, athletes’ nervous system can coordinate with sensory input, thus accelerating the perception of their surroundings and increasing the efficiency of the use of psychological resources (Yin, 2024). However, some studies concerning the spatial essentials of events fail to elucidate the differences between high-spatial sport and low-spatial sport. Sylvie et al. (2002) used two-dimensional cube MRTs to compare sports with high rotation requirements (gymnastics) and low rotation requirements (handball, rugby, basketball, football, badminton, wrestling, judo, track and field), Habacha et al. (2014b) investigated the MR performance of spatial (football, handball, basketball, racket, hockey, gymnastics) and non-spatial (track, wrestling, and swimming) players in three-dimensional MRTs, and Sylvie et al. (2004) examined the MR ability of open sports (rugby, basketball, soccer, badminton, wrestling, judo and tennis) and closed sports (medium distance running, cycling, swimming, gymnastics, archery, javelin, and fitness). However, these methods did not distinguish by different spatial sport types, indicating that the classification method may need to be modified.



1.2.3 Task stimuli

As mentioned previously, stimulus type (i.e., rotation side, direction and angle) can strongly influence the performance of motor experts (Habacha et al., 2014c; Habacha et al., 2014a). Researchers reported that table tennis players made judgments faster on the dominant hand than on the nondominant hand in a mental rotation task (Habacha et al., 2014c). The reactions of gymnasts were faster than those of nonathletes only in their dominant rotation direction (Habacha et al., 2014a). Divers were faster than nonathletes were in judging images at an inverted angle of 180° and showed differences in brain activity (Feng and Li, 2021). In addition, another vital index of rotational movements is the axis. Using the spatial coordinate system as a reference, the axes of human rotation can be divided into the left–right axis, the up–down axis, and the front–back axis. Fargier et al. (2022) compared the MR performance of futsal and rhythmic gymnasts and sedentary people and reported that the reaction time of the football group was shorter in the frontal, horizontal, and sagittal planes than that of the sedentary group, and their reaction time in the horizontal plane was also shorter than that of the rhythmic gymnastics. However, in terms of the MR ability of motor experts with different practices in the rotation axis, whether athletes who are good at rotating their body with multiple axes, such as aerial freestyle skiing athletes, outperform other athletes who often rotate with a single body axis remains unclear.




1.3 The current study

In summary, mental rotation is important for the psychological development of elite individuals, but object-based and egocentric transformations of MR had different patterns of cognitive processing. Individual differences can affect mental rotation ability. Specifically, adolescence is a critical period for the development of mental rotation ability (Doerr et al., 2021; Rahe et al., 2018; He et al., 2019), and males are often considered to have better mental rotation abilities (Hegarty and Waller, 2005). Building on this, from the perspective of embodied cognition, the present study wants to examine the relationship between motor skill learning and spatial ability to address a series of important questions. First, because some studies concerning the spatial essentials of events fail to found the differences between high-spatial sport and low-spatial sport, what role the spatial characteristics of the sport play in the effect of sports experience on mental rotation ability. Can this role of spatial characteristics in sports interact with the stimulus characteristics in mental rotation tasks (such as angle and rotation axis)? In addition to this, can motor skill learning further enhance the mental rotation ability of adolescents, or can it compensate for gender differences in mental rotation ability? Therefore, to investigate the effect of motor expertise type on MR, the spatial factor of sports training, which is coupled with the characteristics of the task stimuli, especially the material angle and axis, should be examined with open-closed types of sports. The present study classifies the spatial sport type via the matrix of high-spatial/low-spatial and open/closed types. According to previous research, closed sports include a stable environment and predictable events (i.e., swimming), but open sports require fast and frequent reactions to unpredictable environmental changes (i.e., basketball) (Sylvie et al., 2004), and high-spatial sports are events that involve mental and physical rotations in their practice (i.e., gymnastics). Low-spatial sports refer to activities that require very little motor rotation (i.e., track and field) (Sylvie et al., 2002). The present study divided three kinds of sport: (1) open high-spatial sport (basketball, soccer, and tennis), (2) closed high-spatial sport (Tai Chi, wrestling, gymnastics, aerobics, aerial freestyle skiing) and (3) closed low-spatial sport (running). Because open sports often involve complex spatial transformation, open low-spatial sports are not defined. Two experiments were conducted to test the influence of axial rotation experience on spatial ability, as well as their interaction with MR transformations, measurement methods and individual differences (age and sex). Experiment 1 used paper and pencil tests to verify the spatial ability differences among the three types of adult athletes, and we hypothesized that the open high-spatial group and the closed high-spatial group would outperform the closed low-spatial group in MRTs with both embodied and non-embodied materials. On this basis, experiment 2 conducts computerized MR tests with egocentric transformations to investigate the spatial ability differences among teenagers in the three types of sports. Similarly, we hypothesized that the open high-spatial and closed high-spatial groups would be superior to the closed low-spatial group and that their advantages would be shown in certain axes or angles congruent with their training experience.




2 Experiment 1


2.1 Participants

A total of 147 participants were enrolled and divided into three groups: (1) open high-spatial sport (OH), which included 50 players from basketball, soccer, and tennis and 26 males and 24 females aged 19 years (68 ± 0.74 years). Their training period was 3.00 ± 2.00 years; (2) closed high-spatial sport (CH), which included 50 players from Tai Chi, wrestling, gymnastics, aerobics, 26 males and 24 females, aged 18.78 ± 1.49 years, and their training period was 2.19 ± 1.49 years; (3) closed low-spatial sport (CL), which included 47 players from running, 28 males and 19 females, aged 19.72 ± 0. 93 years, and their training period was 4.19 ± 2.41 years. A power analysis of the RM ANOVA was conducted with G*Power software using the following settings: expected effect size of 0.25, α-level of 0.05, sample size of 144, and power of 0.99 (1−β). We recruited participants at the Physical Education College of Zhengzhou University and gave their informed consent to participate in this study. None of the participants had completed a mental rotation test before or had been trained in mental rotation.



2.2 Stimuli and task

This study used a modified mental rotation test (MRT) developed by G. Alexander of Texas A&M University (Alexander and Evardone, 2008) to investigate mental rotation ability, as shown in Figure 1. The test contains 24 questions, including 12 original non-embodied (cube) items from the Vandenberg and Kuse (1978) mental rotations test (Peters, 2005), which has been used extensively in the experimental literature on spatial ability. The other 12 embodied (body) figures, constructed via Autodesk Maya 6.5 software, depicted three-dimensional males and females dressed in t-shirts and pants. In three-dimensional space and for the serial positioning of correct items and distracters. Each question has one reference graph and four optional graphs. The participants are required to determine which two of the four options are derived from the rotation of the reference graph. The authors have permission to use this instrument from copyright holders.

[image: 1. Five interconnected cuboid shapes in varying orientations are drawn in squares aligned in a row.  2. A series of images shows a person in different stages of falling backward, starting from a standing position and ending flat on the ground.]

FIGURE 1
 Example of the mental rotation test in Experiment 1.




2.3 Procedure

The study was conducted in a quiet laboratory room at Henan Sport University on 16 June 2020. Each subject was individually tested. A questionnaire referring to their individual information (including sex, age, exercise level, number of training years, best performance, etc.) was used. Next, they took part in a pencil and paper MRT. The MRT consisted of 24 questions, averaged across four sheets of paper. The instructions for each measure were read aloud, and the participants were provided the same amount before the test began. The participants constructed two practices to ensure that they understood the test and that the practical questions did not appear in the formal test. After the practice period, the participants were asked to choose the two alternatives. As in earlier research (2008), they were asked to complete the first 12 questions in 3 min, followed by a 2-min midway break, and finally, they were asked to complete the last 12 questions. The entire experiment was supervised by two experimenters. Only when the two correct choices of the target figure are correctly selected will the subject receive a point. The participants could score a maximum of 24 points: 12 points for the human body and 12 points for the cube.



2.4 Data analysis

The MR scores for every group obtained a normal distribution (z < 1.900, p > 0.166, in all instances). Repeated-measures analysis of variance (R-M ANOVA) for MR scores was performed with the between-subject factors of groups (OH, CH, CL) and sex (male, female) and the within-subject factor of stimulus type (cube, body). When the interaction was significant, simple effects analysis was conducted, and the Bonferroni correction method was used for correction. p < 0.05 indicates statistical significance, and the partial Eta square (η2) represents the effect size of the analysis of variance.



2.5 Results

Analysis of the MR score revealed a significant main effect of group, F (1, 141) = 12.532, η2 = 0.093, p < 0.001, and stimulus type, F (1, 141) = 14.494, p < 0.001, η2 = 0.151, but not for sex, F (2, 141) = 0.005, p = 0.945, η2 < 0.001. The interaction effect between group and stimulus type was significant, F (2, 141) = 4.458, p = 0.013, η2 = 0.059. Simple effects analysis revealed that in the non-embodied cube task, the OH group (9.92 ± 2.06, 95% CI [9.29, 10.54]) and CH group (10.66 ± 0.96, 95% CI [10.03, 11.27]) scored significantly higher than the CL group (8.34 ± 3.12, 95% CI [7.74, 9.04], p < 0.003, for all instances). In the embodied body task, the CH group (11.18 ± 1.00, 95% CI [10.63, 11.73]) performed better than did the OH (9.98 ± 1.98, 95% CI [9.42, 10.52]) and CL groups (9.55 ± 2.59, 95% CI [9.04, 10.19], p < 0.008, for all instances). When the scores of stimulus type for each group were compared, the results revealed that only the CL group had different scores between the cube (8.39 ± 3.12, 95% CI [7.73, 9.04]) and body tasks (9.62 ± 2.59, 95% CI [9.04, 10.19], p < 0.001; Figure 2).

[image: Bar graph showing task scores for non-embodied and embodied tasks across three groups: OH, CH, and CL. OH scores are lower than CH and higher than CL for both tasks. Significant differences are indicated by asterisks above bars, with more significance in the embodied task.]

FIGURE 2
 Scores on mental rotation tests for different groups and stimulus types (*p < 0.05, **p < 0.01, ***p < 0.001).




2.6 Discussion

In Experiment 1, a classical pen-and-paper assessment was employed to examine disparities in spatial ability among three distinct categories of adult athletes. A total of 147 athletes from open high-spatial sport (basketball, soccer, and tennis), closed high-spatial sport (Tai Chi, wrestling, gymnastics, aerobics) and closed low-spatial sport (running) sports were selected and participated in the experiment. Overall, the results showed that the CH group and OH group outperformed the CL group in the non-embodied task and the CH group was better than the other groups in the embodied and tasks. No sex difference was found for paper and pencil MRTs.

First, differences between the two types of stimuli were confirmed. Embodied cognition suggests that cognitive processing is based on the physical state (Wilson, 2002; Gallese and Sinigaglia, 2011). With respect to mental rotation, body stimuli could facilitate individuals’ embodied processing, revealing the common cognitive component between mental rotation and motor rotation; thus, participants in the CL group answered more questions about body stimuli than the cube stimuli. Moreover, the embodied figure task often seems to lead to egocentric transformation of mental rotation (Feng et al., 2017), in which sport expertise facilitates performance because the human body stimulus elicits embodied spatial transformations (Kaltner et al., 2014), even though some studies have suggested that this transformation exists mainly in left–right judgments about single pictures (Zacks et al., 2000).

Concerning the effect of motor expertise on spatial ability, we hypothesize that participants categorized into either the OH group or the CH group are expected to demonstrate superior performance than the CL group on MRTs, irrespective of whether the materials involved are embodied or not embodied. The result showed that the CH group and OH group outperformed the CL group in the non-embodied task and the CH group was better than the other groups in the embodied and tasks. With respect to the result that only the CL group showed different performance between the cube and body tasks, this finding may indicate that sport experience from open skills could ensure the embodiment of body experience in mental rotation. In particular, this effect can be transferred to non-embodied tasks. This may be because open ball sports require athletes to be aware of their teams’ and opponents’ movements at all times during training and competition, including rotational movements (e.g., basketball and football), which require them to change their strategies and plans on the basis of the change in entrance, thus enhancing their object-based transformation ability and making them more similar to athletes in closed high-spatial sports. This result is consistent with the findings of several studies (Sylvie et al., 2004; Pasand et al., 2015; Habacha et al., 2014b). A study by Jansen et al. (2018) investigated whether increased physical education in schools could enhance mental rotation skills. Adolescents were split into two groups: one receiving extensive physical education and the other receiving a standard amount. Both groups completed questionnaires and took a mental rotation test. The group with more physical education significantly outperformed the control group on the test, indicating that additional physical education training led to improved mental rotation ability.

These findings suggest that it is reasonable to compare the mental rotation ability of high-spatial/low-spatial and open/closed sports. Similar comparisons have been made in previous studies, but differences were not found. In a previous study, athletes were divided into sports with high rotation requirements (gymnastics) and sports with low requirements (i.e., handball, football, basketball), wrestling, judo, and athletics. Similarly, Habacha et al. classified sports into spatial (football, handball, basketball, racket sports, hockey, gymnastics) and non-spatial (athletics, wrestling, swimming) sports on the basis of the complexity of spatial factors; however, no differences were found between the groups (Sylvie et al., 2002; Habacha et al., 2014b). There may be two reasons for those results. First, these open high-spatial sports, such as ball games, were treated as non-rotational sports. Second, some closed high-spatial sports, such as wrestling and judo, were also treated as single-axial or non-spatial sports. The results of the study revealed that both closed and open high-spatial sports were able to similarly enhance the mental rotation ability of the athletes.

In addition to sports, sex, an individual factor, has been widely studied in the field of spatial cognition. Studies have shown that the spatial cognition ability of males is greater than that of females (Hegarty and Waller, 2005). However, the effects of motor skill learning on sex differences have not been extensively studied (Voyer and Jansen, 2017). For male and female athletes who have been engaged in sports training for many years and who have similar experience, can sex differences be made up? The conclusions of the current studies are inconsistent. From the perspective of cognitive plasticity, researchers believe that a sex difference between male and female athletes already exists and that the gap between the two is different in the process of accumulating sports experience. Therefore, even if they both have sports experience, a sex gap still exists (Pietsch and Jansen, 2012; Schmidt et al., 2015; Fargier et al., 2022). In contrast, some studies believe that female athletes can achieve greater improvements in activities; that is, sex differences can be compensated for by participation in physical activities (Habacha et al., 2014b). Therefore, the present study investigated the influence of sex on players’ mental rotation, and no sex difference was found within either group or task type, which supported the latter opinion.




3 Experiment 2


3.1 Participants

The study population, comprising 46 people, was divided into three groups on the basis of the type of sport: (1) an open high-spatial sport (OH) group consisting of 16 basketball and soccer players (8 males and 8 females) who were 13.31 ± 0.79 years old and had 2.23 ± 1.43 training years. (2) a closed high-spatial sport (CH) group consisting of 15 freestyle skiing players (8 males and 7 females) who were 14.60 ± 1.02 years old and had 3 ± 0.34 training years; and (3) a closed low-spatial sport (CL) group consisting of 15 runners (9 males and 6 females) who were 14.60 ± 1.78 years old and had a training time of 1.27 ± 0.44 years.



3.2 Task stimuli

The experimental stimuli were body movement pictures designed with ArtPose software, which consisted of a picture of a male with one arm raised upward and the other arm raised sideways. Only one figure is presented at a time, and the subject needs to choose which arm was, according to the axial characteristics of the movement, three types of rotation are distinguished: (1) rotation around the left–right (LR) axis of the body. (2) Rotation around the up–down (UD) axis of the body. (3) Rotation around the front-back (FB) axis of the body. The rotation angle of each axial direction includes a small angle (45°) and a large angle (90°), as shown in Figure 3. The image size is 700 × 900 pixels. The experimental task was designed with E-Prim 3.0 (Psychology Software Tools, www.pstnet.com) and presented using a 23.8-inch computer.

[image: Three panels display the rotational movement of a 3D human model along different axes. The top panel, labeled "Up-down axis," shows rotation in ninety-degree increments, with positions ranging from side views to an overhead view. The middle panel, "Left-right axis," depicts the model rotating horizontally from a back view to a laying position. The bottom panel, "Front-back axis," shows rotation from a side-lying position to an upright pose. Each axis includes arrows indicating the direction of rotation.]

FIGURE 3
 Example of the stimuli used in Experiment 2.




3.3 Procedure

The experiment was conducted in the laboratory of Henan Sport University, and each subject was tested separately in a closed, quiet, noninterference environment. After the purpose and operation of the experiment were explained, the participants were seated in front of the computer (the eyes were 60 cm away from the screen). The experimental data were prepared via E-Prime 3.0 software. There were six stimulus conditions (left–right axis at a small angle, left–right axis at a large angle, up–down axis at a small angle, up–down axis at a large angle, front-back axis at a small angle, and front-back axis at a large angle). First, all participants attended a practice part with 10 experimental trials. In each trial, 500 ~ 800 ms of fixation occurred in the middle of the screen, after which a stimulus picture was presented. The subjects were required to determine whether the man in the picture was raising up his left arm (press key “F”) or the right arm (press key “J”) accurately and quickly. The picture disappeared after the button or time exceeded 4,000 ms, and a feedback screen (showing “right” or “wrong”) was presented for 500 ms before the next trial. Responses submitted more than 4,000 ms after presentation of the stimulus were considered as errors. The stimulus in practice part included pictures with all combines of axis and angle. The practice accuracy of every subject had to be above 80% to ensure that they had completely understood the task. Two subjects practiced twice to reach the criterion. Second, the formal experiment used similar test trials in practice but did not give feedback. The formal experiment contained three same blocks, each containing 90 randomly ordered trials (for 6 stimulus conditions × 15 repetition). Each subject rested for 10 s before moving on to the next block until all three blocks were completed. The response time and accuracy were obtained. The overall duration of the experiment was approximately 20 min (Figure 4).

[image: Experimental procedure diagram in four stages: instruction with text and images, initial 500 ms interval with a fixation cross, stimulus presentation lasting up to 2,000 ms, and a final 500 ms interval with another fixation cross. An arrow at the bottom indicates the sequence direction.]

FIGURE 4
 Mental rotation task in Experiment 2.




3.4 Data analysis

The reaction time (RT), accuracy and stage performance were calculated for every group. According to the phases of information processing, mental rotation is subdivided into the perceptual stage, rotation stage, and decision stage (Heil and Rolke, 2002; Shepard and Cooper, 1982; Corballis, 1988). Specifically, the performance in the perceptual and decision stages is the RT when the stimulus is not rotated, and the mental rotation speed represents the performance of the rotation stage. In the present study, the rotation speed was used as the performance of the rotation stage and was the average of the ratio of the angle at each angle to the RT. The calculation formula is [image: Rotational speed equation: the sum of forty-five divided by RT sub four five and ninety divided by RT sub nine zero, all multiplied by two, plus one thousand.], where the unit is represented in degrees per second (°/s). The perceptual time was subsequently calculated via the following formula: RT = perceptual time + angle*rotational speed. Normal distributions were obtained for all variables (z < 1.166, p > 0.132, in all instances). With respect to RT and accuracy, four-factor R-M ANOVA was conducted with the between-subject factors of group (OH, CH, CL) and sex (male, female) and the within-subject factors of the rotational axis (left–right (LR) axis, up–down (UD) axis, and front–back (FB) axis) and angle (45°, 90°). For stage performance, three-factor R–M ANOVA was conducted with the between-subject factors of group (OH, CH, CL) and sex (male, female) and the within-subject factors of the rotational axis (left–right (LR) axis, up–down (UD) axis, and front–back (FB) axis). Simple effects analysis was conducted when the interaction was significant, and the Bonferroni correction method was used for correction. p < 0.05 indicates statistical significance, and the partial Eta square (η2) represents the effect size of the analysis of variance.



3.5 Results


3.5.1 Reaction time

ANOVA revealed significant main effects for group, F (2, 40) = 9.382, p < 0.001, η2 = 0.362; rotational axis, F (2, 80) = 7.582, p < 0.001, η2 = 0.187; and angle, F (1, 40) = 265.224, p < 0.001, η2 = 0.889. The interaction effects for group and angle, F (1, 40) = 7.225, p = 0.002, η2 = 0.305; sex and angle, F (1, 40) = 6.449, p = 0.016, η2 = 0.163; and rotational axis and angle, F (2, 80) = 40.151, p < 0.001, η2 = 0.549, were significant. Additionally, the three-way interaction of group, sex and angle was significant, F (2, 40) = 4.385, p = 0.020, η2 = 0.210. Simple effects analysis revealed that male players in the OH group (45° CI: 671.76 ± 178.21, 95% CI [571.65, 771.88], 90° CI: 855.09 ± 129.81, 95% CI [728.36, 981.82]) had longer RTs than did those in the CH (45° CI: 474.80 ± 69.53, 95% CI [404.1, 545.59], 90° CI: 655.52 ± 85.73, 95% CI [565.91, 745.13]) and CL groups (45° CI: 446.97 ± 35.95, 95% CI [376.18, 517.76], 90° CI: 660.53 ± 143.60, 95% CI [570.92, 750.14]) at both angles (p < 0.047, for all instances). For female players, the CH group presented a shorter RT than the OH and CL groups did at 90° (p < 0.006, for all instances). The OH (867.45 ± 174.42, 95% CI [763.97, 970.92]) and CL (861.46 ± 249.52, 95% CI [757.99, 964.93]) groups presented longer RTs than did the CH (610.77 ± 84.10, 95% CI [514.97, 706.57]) group at 90° (p < 0.002, for all instances). Moreover, males (660.53 ± 143.60, 95% CI [570.92, 750.14]) demonstrated faster RT than females did (861.46 ± 249.52, 95% CI [757.99, 964.93]) at 90° in the CL group (p = 0.005). The difference in RT for two angles was significant for every group, axis and sex (p < 0.001, for all instances). Interestingly, under 45° conditions, the RT for the LR (508.07 ± 155.28, 95% CI [463.10, 553.13]) and UD axes (505.80 ± 106.43, 95% CI [474.63, 536.97]) was shorter than that for the FB axis (557.22 ± 114.42, 95% CI [521.32, 593.11], p < 0.026, for all instances), but under 90° conditions, the RT for the FB axis (660.85 ± 122.48, 95% CI [625.82, 695.87]) < LR (756.64 ± 207.49, 95% CI [695.33, 817.96]) < UD axis (837.92 ± 207.63, 95% CI [785.09, 890.75], p < 0.034, for all instances; Figures 5, 6).

[image: Bar chart displaying reaction time labeled on the y-axis, with angles (45° and 90°) and genders (male, female) on the x-axis. Bars represent three groups: OH (yellow), CH (blue), and CL (purple). Reaction times in milliseconds vary, showing statistical significance between groups, indicated by asterisks.]

FIGURE 5
 Reaction time of the mental rotation task for group, sex, and angle.


[image: Bar graph showing reaction times at two angles: forty-five degrees and ninety degrees. Three bars represent different conditions: LR (orange), UD (blue), and FB (purple). At forty-five degrees, reaction times are similar across conditions, with significant differences marked by asterisks. At ninety degrees, asterisks indicate significant differences, with reaction times highest for UD and lowest for FB.]

FIGURE 6
 Reaction time of the mental rotation task for axis and angle.




3.5.2 Accuracy

ANOVA revealed significant main effects of the rotational axis, F (2, 80) = 6.891, p = 0.002, η2 = 0.187, and angle, F (1, 40) = 41.577, p < 0.001, η2 = 0.581. The interaction between the rotational axis and angle was significant, F (2, 80) = 9.914, p < 0.001, η2 = 0.248. The simple effects analysis revealed that the accuracy at 45° was better than that at 90° for the LR (0.993 ± 0.016, 95% CI [0.986, 0.998]) and UD axes (0.980 ± 0.025, 95% CI [0.966, 0.994]) but not for the FB axis (0.983 ± 0.018, 95% CI [0.976, 0.990], p < 0.022, for all instances). Additionally, all the players’ accuracy for the FB axis (0.986 ± 0.015, 95% CI [0.980, 0.991]) were superior to those for the LR (0.954 ± 0.059, 95% CI [0.927, 0.968]) and UD (0.943 ± 0.049, 95% CI [0.925, 0.961]) axes at the 90° (p < 0.032, for all instances; Figure 7).

[image: Bar chart comparing accuracy for three conditions: LR, UD, and FB at angles 45° and 90°. Each condition shows higher accuracy at 45°, with FB at 90° being notably higher. Asterisks indicate significant differences.]

FIGURE 7
 Accuracy of the mental rotation task for group and angle.




3.5.3 Stage performance

For rotational speed, ANOVA revealed a significant main effect of the rotational axis, F (2, 80) = 7.209, p = 0.002, η2 = 0.199, indicating that participants mentally rotated faster for the FB axis (696.77 ± 466.47, 95% CI [404.33, 885.27]) than for the UD axis (169.28 ± 86.30, 95% CI [124.66, 193.43], p = 0.018). The results for the perceptual time revealed a significant main effect of the rotational axis, F (2, 80) = 23.809, p < 0.001, η2 = 0.488, indicating that participants took less time to recognize the stimuli for the LR (301.25 ± 216.54, 95% CI [223.87, 378.63]) and UD (217.20 ± 131.23, 95% CI [165.73, 268.66]) axes than for the FB axis (456.32 ± 155.81, 95% CI [397.84, 514.80], p < 0.001).




3.6 Discussion

In experiment 2, a three-dimensional computerized egocentric MRT with different rotation angles (45°, 90°) was used to test the spatial ability of adolescent athletes in different sport types (open high-spatial sport, closed high-spatial sport and closed low-spatial sport). In general, the results found that under 45° rotational conditions, the reaction time (RT) for the left–right (LR) and up–down (UD) axes were shorter than that for the front-back (FB) axis. Nevertheless, under 90° conditions, the RT for FB < LR < UD, with superior accuracy and rotational speed for the FB axis than for the LR and UD axes. Concerning the effect of gender, male players from the CH and CL groups had shorter RTs than did those from the OH group at both angles. For female players, the CH group presented a shorter RT than the OH and CL groups did at 90°.

The angle effect was confirmed by the result showing that the RT of the large-angle (90°) mental rotation test was significantly longer than that of the small-angle (45°) mental rotation test, and the accuracy of the small-angle test was significantly shorter than that of the large-angle test for the LR and UD axes. This finding is consistent with the study by Bethell-Fox et al., who reported that as the difficulty of the stimulating material increased, the subjects’ responses to the mental rotation test increased (Bethell-Fox and Shepard, 1988). An increase in the rotation angle is clearly associated with an increase in difficulty, suggesting that better mental rotation ability is required for athletes to perform more difficult mental rotation tests and consume more cognitive resources (Zhao et al., 2022).

In terms of the rotation axis, most previous studies carried out paper-plane rotation (i.e., the FB axis in the present study). To scrutinize the MR differences among the three rotational axes in athletes, a study compared the performance of futsal players, rhythmic gymnasts, and sedentary individuals on mental rotation tasks. The research revealed that futsal players had quicker reaction times across all tested planes—frontal, horizontal, and sagittal—than did sedentary players. Notably, their reaction times in the horizontal plane were also faster than those of the rhythmic gymnasts (Fargier et al., 2022). Habacha et al. (2014a) reported that gymnasts were faster than nonathletes in their dominant rotation direction. However, the present study did not find an interaction between sport group and axis. The results demonstrated different mechanisms at different angles. In particular, under 45° rotational conditions, the RT for the LR and UD axes was shorter than that for the FB axis. However, under 90° conditions, the RT for FB < LR < UD, with superior accuracy and rotational speed for the FB axis than for the LR and UD axes. Therefore, when the body rotated a small angle around the UD and LR axes, the postures looked very similar to the standing posture, thus yielding faster RT and perceptual time. However, after large-angle rotation of the body around the UD and LR axes, some body parts were sheltered (i.e., we cannot see the right arm in the 90° UD condition, as well as the feet in the 90° LR condition, see Figure 3), thus increasing the difficulty of the task. In contrast, regardless of the angle at which the body rotates around the FB axis, the body will not be sheltered due to the rotation action, so the results revealed a faster RT and perception speed of the FB axis at a large angle.

After dividing the players into three groups with various spatial characteristics, we investigated the effects of spatial motor experience on mental rotation at small and large angles. Male players from the CH and CL groups had shorter RTs than did those from the OH group at both angles. For female players, the CH group presented a shorter RT than the OH and CL groups did at 90°. The interactions among sport type, sex and angle are very meaningful. According to earlier studies, the CH group should show a significant advantage for MR over the other groups (Jansen and Lehmann, 2013; Schmidt et al., 2015; Feng et al., 2017), which is congruent with our results in females. Nevertheless, how do male players from the CL group, such as runners, obtain better MR ability than those from the OH group, such as basketball and soccer players, and similar MR ability to that of the CH group, such as freestyle skiing players? There are two explanations below. First, the MR for male individuals may benefit much more from sport training, even for closed low-spatial-level sports such as running. Influencing factors may be associated with individual physiological factors such as genetics, lateralization of brain function, sex hormones, and brain size (Siegel-Hinson and McKeever, 2002; Peters et al., 2007). Second, attending sports may lead to better mental rotation ability for boys. A study reported a positive relationship between motor ability and accuracy on mental rotation tasks among primary school-aged and young children (Jansen and Kellner, 2015; Jansen and Heil, 2010).




4 General discussion

This study explored the effects of axial rotation on the spatial ability of athletes through two experiments. In Experiment 1, a paper and pencil mental rotation test was conducted, and it was found that the CH group performed better than the other groups did in both embodied and non-embodied tasks, which supported our hypothesis, indicating that skilled sports (i.e., Tai Chi, wrestling, gymnastics, aerobics) have the most significant effects on mental rotation. Moreover, this advantage for the adolescent CH group was also revealed by the computerized MRT in experiment 2, supporting the view of embodiment cognition that all types of cognitive activities are closely related to one’s ability to move the body (Wilson, 2002; Gallese and Sinigaglia, 2011).

Sex and age can affect MR ability. Some studies have shown that sex differences in mental-rotation performance are significant for children under age 13 and increase during adolescence (Voyer, 1995) and sex differences persist in all expert groups, such as STEM, arts, and sports (Tsigeman et al., 2023). Other studies suggest that female athletes can achieve greater improvements in activities; that is, sex differences can be compensated for by participation in physical activities (Habacha et al., 2014b). Researchers believe that women can more significantly modify their visual search behavior during activity participation and thus perform better in the perceptual process or the encoding process of the mental rotation task (Jansen et al., 2012) to increase their mental rotation score. Can the enhancement of mental rotation ability caused by sports activities compensate for the gender differences in mental rotation ability among adolescents? The present study found no sex difference in adolescents’ mental rotation performance for paper and pencil MRTs (in experiment 1), but confirmed a male advantage only in the CL group for computerized MRTs (in experiment 2).

Sex and age can affect MR ability. Some studies have shown that sex differences in mental-rotation performance are significant for children under age 13 and increase during adolescence (Voyer, 1995), and sex differences persist in all expert groups, such as STEM, arts, and sports (Tsigeman et al., 2023). Other studies suggest that female athletes can achieve greater improvements in activities; that is, sex differences can be compensated for by participation in physical activities (Habacha et al., 2014b). Researchers believe that women can more significantly modify their visual search behavior during activity participation and thus perform better in the perceptual process or the encoding process of the mental rotation task (Jansen et al., 2012) to increase their mental rotation score. Can the enhancement of mental rotation ability caused by sports activities compensate for the gender differences in mental rotation ability among adolescents? The present study revealed no sex difference in adolescents’ mental rotation performance for paper and pencil MRTs (in experiment 1) but confirmed a male advantage only in the CL group for computerized MRTs (in experiment 2).

This result offers at least two insights. First, the testing method of mental rotation indeed influences the appearance of gender differences. Compared with computerized MRT, paper-and-pencil testing tends to have less time pressure (Peters, 2005). Under these circumstances, females who participate in sports may receive similar scores to those of males because females can fully understand the questions and effectively manage their time. Second, in Experiment 2, gender differences were observed only in the CL group but not in the other groups, indicating that the spatial characteristics of motor skills can affect gender differences in mental rotation. Specifically, in sports with high spatial transformation (whether open or closed), there was no difference in mental rotation ability between males and females, suggesting that females indeed gain more enhancement during the learning of spatial sports (such as basketball, soccer, gymnastics, etc.). This finding is important for explaining how motor skills influence gender differences in mental rotation and it has certain practical significance. For adolescents, to enhance spatial ability and thereby improve STEM performance, participating in sports with rich spatial transformation in daily physical exercise, school physical education courses, and specialized sports training is a better choice.

The study also has certain limitations. First, concerning the classification of sports, the present study made an initial attempt to categorize sports on the basis of their spatial characteristics. However, the number of sports included in each type of sports project is relatively small. Future research should include more sports of the same type for comparison. Second, with the advancement of cognitive neuroscience, the relationship between motor skills and mental rotation ability can now be explored within the field of brain plasticity. For example, if spatial sports training indeed leads to greater improvements in mental rotation ability for females, it is necessary to determine whether this process is due to differences in brain processing (Feng and Li, 2021; Yin, 2024). To address this question, more studies utilizing electroencephalography (EEG) or functional near-infrared spectroscopy (fNIRS) technology are needed.



5 Conclusion

The present study utilized spatial factors and sex to assess the mental rotation ability of adult and adolescent athletes and, for the first time, confirmed the role of the rotational axis in the relationship between sport expertise and mental rotation in light of embodied cognition. The results showed that the CH group and OH group outperformed the CL group in the non-embodied task and the CH group was better than the other groups in the embodied and tasks. Under 45° rotational conditions, the RT for the LR and UD axes was shorter than that for the FB axis. However, under 90° conditions, the RT for FB < LR < UD, with superior accuracy and rotational speed for the FB axis than for the LR and UD axes. Male players from the CH and CL groups had shorter RTs than did those from the OH group at both angles. For female players, the CH group presented a shorter RT than the OH and CL groups did at 90°. No sex difference was found for paper and pencil MRTs, and a male advantage existed only in the CL group for computerized MRTs. These results suggest that the motor skills associated with axial rotation could promote MR performance and compensate for sex differences in MR ability.
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Objectives: With the rapid growth of China’s sprint program’s international competitiveness, the psychological problems of sprinters have become a common concern in sports training theory and practice. Hence, the study examined the impact of a 7-week Mindfulness training program on competition state anxiety in Chinese sprinters.
Methods: Twenty-four sprinters (Mage = 22.46 ± 1.351) were selected in a 2 × 3 mixed design, with the group (mindfulness/control) as the between-subjects variable and test time (pre-test/mid-test/post-test) as the within-subjects variable. The dependent variables corresponded to the mindfulness score and competition state anxiety score. One 60-min session was conducted once a week for 7 weeks, and the control group did not undergo any psychological training. The mindfulness group received mindfulness training, and the control group received regular psychological guidance. The subjects filled in the Five Facet Mindfulness Questionnaire (FFMQ) and the Competition State Anxiety Scale at baseline, followed by additional assessments 3 weeks and 7 weeks later.
Results: (1) In terms of competition state anxiety, there were no significant differences in the pre-test between the mindfulness group and the control group. There were significant differences in sprinters’ competition state anxiety after mindfulness intervention in terms of time, group, and the interaction between time and groups (p = 0.03, 0.004, and 0.009). (2) In terms of the mindfulness level, the difference between the mindfulness group and the control group was not significant in the pre-test. The sprinters’ mindfulness level was significant in the interaction between groups and that between groups and time after mindfulness intervention (p = 0.027 and 0.028).
Conclusion: Mindfulness training alleviated sprinters’ competition anxiety by reducing sprinters’ somatic state anxiety (SSA) and cognitive state anxiety (CSA), as well as improving state self-efficacy. The results provide guidance and references for Chinese sprinters’ psychological problems.
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 sprinters competition state anxiety; mindfulness-acceptance-insight-commitment (MAIC) training; cognitive state anxiety (CSA); state of self-confidence (SSC); somatic state anxiety (SSA)


1 Introduction

Competition anxiety has been considered to be one of the most studied fields in sports psychology (Ong and Chua, 2021; Daley et al., 2024; Boughattas et al., 2022). It is defined as a response to the characteristics and/or similar states of stressful exercise-related situations. Individuals believe that this response is potentially stressful, which leads to a series of cognitive assessments, behavioral responses, and/or physiological arousal (Ford et al., 2017).

Past meta-analysis has proven the influence of competitive status anxiety on sports performance (Woodman and Hardy, 2003). CSA has a significantly negative impact on sports performance. In addition, high anxiety scenarios cause athletes to perform excessive error monitoring (Masaki et al., 2017) and reduce anticipation timing performance (Duncan et al., 2016). Competition anxiety increases the risk of sports injury for sprinters (Ford et al., 2017). Competitive status anxiety is a risk factor for skeletal muscle injury in sprinters (Cagle et al., 2017).

Chinese sprinters have demonstrated remarkable progress in their performance through scientific training methods in recent years, which resulted in a substantial and comprehensive advancement during the Tokyo Olympic cycle and a historic breakthrough (Xue Feng, 2022). Su Bingtian, clocking in at 9.83 s, established a new Asian record and secured his place in the men’s 100-m semifinals at the Tokyo Olympics, which makes him the first Chinese athlete to advance to the final of this event (Wang, 2023). Ge Manqi and Xie Zhenye advanced to the women’s 100 m and men’s 200 m semifinals at 11.20 and 20.34 s, respectively. Simultaneously, Su Bingtian, along with Tang Xingqiang, Xie Zhenye, and Wu Zhiqiang, secured the bronze medal in the men’s 100-m relay event, which achieved the highest level of participation by the Chinese Olympic delegation. Wu Yanni and Lin Yuwei, both accomplished athletes in women’s 100-m hurdles, qualified for the 2024 Paris Olympics (Hongren and YaPing, 2022).

An increasing number of exceptional sprinters with remarkable achievements and distinctive characteristics are being discovered in the era of new media, which attracts attention and admiration from online users. Consequently, they have emerged as prominent Internet celebrity athletes. However, athletes’ popularity on the Internet can overly increase athletes’ exposure, which counters athletes’ confident and optimistic sports mentality (Yue Hui and Xiangyang, 2023). The web celebrity status of sports stars means that they are under the panoramic surveillance of the network society and the expectations of the public and coaches (Kim et al., 2019). Web celebrity athletes with poorer mental health need to be acknowledged by public opinion, as they often experience psychological pressure stemming from the desire to win and the fear of losing (Xiao Li et al., 2022). Reardon et al. (2024) shows that excessive psychological stress in athletes can cause cognitive and somatic anxiety, negatively affecting the quality of their training and competition.

Improving sports performance has always been a basic goal for athletes to excel in their respective sports. Regardless of the time and effort spent, athletes continuously try to improve their skills and athletic level. According to Behroz’s research, many athletes in professional teams are committed to training throughout the year and improving their sports performance to obtain bonuses or reach a professional level. Therefore, they win the high hopes of parents and coaches (Khodayari et al., 2011). Unfortunately, high hopes increase the pressure on athletes, which usually causes athletes’ competition anxiety. When anxiety is not guided, athletes lose control, which decreases athletic performance (Cox et al., 2003).

Regarding the athlete cultivation system in China, the predominant focus on training and competitions results in an environment where many athletes are primarily centered around sports activities. Consequently, this emphasis restricts the development of a well-rounded social personality and a scientific perspective on life (Dennis et al., 2024). When the technical level reaches a certain height, athletes have ambiguous developmental goals, poor comprehension of high-level events, and poor adaptability due to the shortcomings of early emotional intelligence and personality shaping. The plateau phenomenon (Miller et al., 2024) of athletic ability further restricts the development of their athletic ability to a higher level. Targeted interventions should be implemented in their psychological wellbeing to facilitate the advanced development of athletes.

Concerning types of sports, individual sport athletes have higher cognitive anxiety scores and lower self-efficacy scores than group sport athletes (Pluhar et al., 2019). Individuals participating in individual sports who rely on distance mobilizers exhibit a higher susceptibility to competition anxiety than athletes engaged in team sports (Hossein et al., 2016).

A range of psychological interventions have been used in previous studies to assist athletes in managing competition-related anxiety. A variety of psychological interventions have been adopted to help athletes cope with anxiety in the competitive state. Psychological health problems are reduced (Schinke et al., 2021) to ensure that they do not affect athletes’ training and competitions. Previous research has focused on utilizing various psychological techniques to aid athletes in coping with competition-induced anxiety [e.g., mental training (Fekih et al., 2021), self-talk training (Walter et al., 2019), and progressive relaxation training (Hussein et al., 2019)]. They are called psychological skill training (PST). Additional psychological interventions such as mindfulness training (Mehrsafar et al., 2019) and biofeedback training (Pusenjak et al., 2015) have gained increasing attention. Mindfulness intervention and PST are commonly used by most sports teams to deal with competition anxiety. Compared to mindfulness training, control-based PST emphasizes control to obtain optimal internal experience. However, the effect is passable. In contrast, mindfulness training that does not emphasize control and optimal internal experience allows athletes to focus more freely on current tasks (Gardner and Moore, 2004; Moore, 2009). Therefore, mindfulness training is used to intervene in the competition state anxiety of sprinters in this study.

Mindfulness has been described as “awareness that emerges through paying attention on purpose, in the present moment, and non-judgmentally to the unfolding of experience moment by moment” (Kabat-Zinn, 2019). Mental training based on mindfulness and acceptance has generated a great deal of interest and concern among researchers and practitioners in sports psychology, particularly within the context of the third wave of cognitive therapy (Bühlmayer et al., 2017). Mindfulness in this psychological training is derived from the Eastern Buddhism of Nei Kuan and Zen, as well as Western psychology. When combined with contemporary Western culture, it pioneers the integration of ancient Eastern wisdom into clinical psychotherapy and counseling, leading to the development of a range of mindfulness and acceptance-based mental training methods (Gang Yan et al., 2014).

Mindfulness was first applied by Kabat-Zinn in the context of athletes’ daily training and Olympic preparation in sports (Demarzo, 2014). Mindfulness training and acceptance have attracted attention in sports due to their application and development in clinical and counseling psychology, addressing limitations in traditional psychological training. Research in sports suggests that this particular type of attention may be beneficial (Bühlmayer et al., 2017). Fortunately, mindfulness training methods have been developed specifically for athletes. The mainstream training methods with more systematic theories and wider application include mindfulness-acceptance-commitment (MAC) (Gardner and Moore, 2017), mindfulness sports performance enhancement (MSPE) (Hut et al., 2021), mindfulness-acceptance-based-interventions (MABIs) (Minkler et al., 2024), and mindfulness-acceptance-insight-commitment (MAIC) (Su et al., 2019).

In contrast to traditional psychological skills, the mindfulness training approach focuses on mind–body experiences (e.g., thoughts, physical sensations, and emotions) (Mohebi et al., 2021) rather than controlling or altering these experiences (Röthlin et al., 2020). The mainstream approaches to mindfulness training in sports have been widely utilized. They enhance athletic performance (Chang et al., 2023) by improving concentration (Gao and Zhang, 2023), flow state (Augustus et al., 2023), and confidence (Oguntuase and Sun, 2022) as well as reducing burnout (Zhang et al., 2023) and exercise anxiety (Blanck et al., 2018).

Positive mindfulness is negatively correlated with cognitive and somatic anxiety in cross-sectional designs, suggesting that positive mindfulness may reduce competition anxiety. Improved mindfulness positively affects performance-related factors such as emotional processing and attention control (Röthlin et al., 2020). MAIC can enhance athletes’ attentional control, emotional processing, and resilience to failure (Röthlin et al., 2020), contributing to their overall psychological wellbeing (Evers et al., 2021).

The psychological problems of sprinters have become a common concern in sports training theory and practice with the rapid growth of the international competitiveness of China’s sprint program. The study examined the effects of 7 weeks of systematic mindfulness training on the competition anxiety of sprinters, providing guidance and implications for Chinese sprinters.



2 Methods


2.1 Participants

The study recruited 24 athletes from sprinters (Mage = 22.46 ± 1.351; 14 males and 10 females; 11 people with training years of less than 6 years and 13 people with training years of more than 6 years) through the Jilin Province Sports Association. G * Power (Faul et al., 2009) (power = 0.90, α = 0.05, and effect size f = 0.37) was used for a previous efficacy analysis to estimate the minimum sample size. According to the calculation results, at least 18 sample sizes were required to test the variance-analysis interaction terms of 3 (time) × 2 (condition) repeated measurement. The Competitive State Anxiety Inventory-2 (CSAI-2) was issued to sprinters who met the standards through the Jilin Province Sports Association, and 232 sprinters were assessed for competitive status anxiety. Sorted using the anxiety scores, sprinters who met the criteria were invited to participate in the study. The inclusion criteria were as follows: participants had to be at least 18 years old; have no prior experience with mindfulness studies or participation in similar experimental studies or psychological interventions; and possess a mean competition anxiety score of 3.5 (derived from the average score of 232 sprinters, with competition state anxiety was calculated, and the average score of 25% of sprinters with higher competition state anxiety was 3.5). Additionally, participants must not have a history of psychiatric disorders; they should be capable of engaging in regular training sessions and competitions; they should be eligible to compete in the 100-m dash in the 21st National Collegiate Athletics Championships. Eligible athletes were randomly assigned to the mindfulness group and control group based on a computer-generated list of random times. Initially, 25 participants completed the pre-intervention survey with one excluded from the study. There were 24 final valid subjects, with 12 in the mindfulness group and 12 in the control group (Table 1). All athletes ultimately included in the analysis participated in all mindfulness sessions.



TABLE 1 Participants demographics.
[image: Table comparing characteristics between MAIC (mindfulness training group) and control group, each with twelve participants. Both groups have similar age averages (around 22 years), gender distributions (41.7% females, 58.3% males), and training age percentages. P-values show no significant differences.]



2.2 Procedure

Randomization was used to assign subjects to the mindfulness (intervention) group (n = 12) and the control group (n = 12). Athletes received interventions in the conference room of the university gymnasium every Saturday morning over 7 weeks, with each session lasting 60 min and occurring once weekly. The mindfulness group participated in a 7-week mindfulness intervention based on the mindfulness training content, while the control group did not receive guided exercises for mindfulness intervention. They were instructed to sit comfortably, relax, and allow their thoughts to wander freely, such as recalling daily life or imagining the future. A single-blind design (Kimberly MacLin, 2023) was adopted to control unrelated variables. The purpose and process arrangements of the test were kept confidential from the athletes. All participants were assessed in the pre-intervention stage (T0), the mid-intervention stage (T3), and the post-intervention stage (T7) (Hao, 2021). The Five Factors of Mindfulness and Competitive State Anxiety Scales were distributed to participants. The mindfulness intervention was facilitated by a sports psychologist who held a certification in mindfulness-based practices. All subjects signed the consent forms and had the right to withdraw at any time during the experiment. They were informed that they would receive a reward based on the completion of the tests.



2.3 Study design

A 2 * 3 mixed experimental design was used. The effects of mindfulness training on mindfulness levels and competition anxiety in sprinters were examined. The group (mindfulness/control) was the between-subjects variable. Test time (T0 pre-test/T3 mid-test/T7 post-test) was the within-subjects variable. The dependent variables corresponded to the levels of mindfulness and competition anxiety. Athletes participated in the intervention in the conference room of the university gymnasium every Saturday morning. Each athlete was asked to perform 15 min of breathing exercises at home every day for 7 weeks after training. The insights gained from their pre-session practice before each mindfulness session were analyzed.



2.4 Mindfulness intervention

The intervention consisted of a 7-week MAIC program. The content was based on the Mindfulness Training Manual for Athletes by Si et al. and developed from the interviews of professional coaches in track and field. Mindfulness interventions were conducted by a master of sports psychology who was certified in mindfulness intervention. Specifics included the following aspects: (1) Preparation for mindfulness training included introducing the theory, facts, and basic methods of mindfulness training and helping athletes form a preliminary impression of the activity and arouse interest in participating. (2) Mindfulness included experiencing mindfulness through practice and guiding athletes to understand mindfulness in practice. (3) De-centering included helping athletes gradually shift from preoccupation to task attention through practice. (4) Acceptance included the mindfulness raisin exercise and mindfulness drinking practice, as well as experiencing and accepting all inner emotions and thoughts. (5) Values and awareness included helping athletes clarify the current direction of behaviors. (6) Commitment included transforming values into specific behaviors, helping athletes realize values, overcoming obstacles in the realization process, applying mindfulness, decentration, and receptive skills, and adhering to effective behaviors for values. (7) Integration included reviewing and synthesizing the skills learned in the first 6 classes so that athletes could overall understand mindfulness training. Table 2 shows the specific contents.



TABLE 2 Mindfulness-acceptance-insight-commitment (MAIC) training content.
[image: Table listing training topics and objectives for a mindfulness course. Topics include Mindfulness preparation, Mindfulness, Egocentrism reduction, Acceptance, Value and consciousness, Commitment, and Comprehensive review and consolidation. Each topic outlines specific objectives, such as introducing mindfulness theory, practicing body scanning, explaining self-centeredness, performing mindfulness exercises, and reviewing learned content.]



2.5 Measures


2.5.1 FFMQ

The FFMQ (Baer et al., 2006), translated and revised by Deng et al. (2011), includes 39 items. Five aspects are used to assess mindfulness: observing, describing, acting with awareness, non-judging of inner experience, and non-reacting to inner experience. The FFMQ has acceptable psychometric properties. Its subscales measure individual characteristics or traits (Kabat-Zinn, 2003). The scale utilizes a 6-point Likert scale format from 1 (not at all) to 6 (exactly). Higher scores reflect higher levels of mindfulness.

The FFMQ was used to calculate the subscale scores. The items were reverse-coded. The subscale scores were calculated by summing item scores. SPSS.27 was used for the reliability analysis of the FFMQ. The internal consistency of the current sample was 0.825 (Cronbach’s α at baseline). Bartlett’s test of sphericity, based on chi-square, showed a result of 1,945.061, with 136 degrees of freedom (p < 0.001). Cronbach’s α for the subscales demonstrated good reliability: observing (0.783), describing (0.623), acting with awareness (0.873), non-judging of inner experience (0.799), and non-reacting to inner experience (0.642).



2.5.2 CSAI-2

The CSAI-2 (Cox et al., 2003) includes 27 items and 3 subscales: cognitive, somatic, and self-confidence anxiety. The inventory uses a 6-point Likert scale from 1 (not at all) to 6 (completely). Higher total scores are associated with higher levels of anxiety. There are 14 reverse-coded questions. The subscale scores were calculated by adding up the item scores. SPSS.27 was used for the reliability analysis of the CSAI-2. The internal consistency of the current sample was 0.899 (Cronbach’s α at baseline). Bartlett’s test of sphericity, based on chi-square, showed a result of 1,945.061, with 136 degrees of freedom (p < 0.001). Cronbach’s α for the scale and its subscales ranged from 0.694 to 0.900, indicating high reliability.




2.6 Data analyses

The normality test (Shapiro–Wilk test) was performed before the statistical analysis. The independent t-test for normally distributed variables was used to compare the baseline variables of the two groups. General linear models were used to examine the impact of a 7-week mindfulness training program on competitive state anxiety by analyzing pre-intervention, mid-intervention, and post-intervention data. The between-group effects of the mindfulness training and control groups were further tested when the difference between the two groups was statistically significant. ANOVA and Bonferroni correction were used for multiple comparisons. η2p of the interaction effects of time and group was reported for two-by-two comparisons. The cutoff value of η2p was as follows: η2p < 0.019 represented a minute effect size; 0.02 < η2p < 0.059 represented a small effect size; 0.06 < η2p < 0.139 represented a medium effect size; η2p > 0.14 represented a large effect size (Cohen, 1988). All data were analyzed using SPSS 27.0. A p-value of ≤0.05 indicated statistical significance.




3 Results


3.1 FFMQ and CSAI-2 before mindfulness intervention

There were no statistically significant differences between the distribution of the mindfulness group and the control group in terms of gender and years of training (Table 1). There were no statistically significant differences between the two groups in terms of somatic, cognitive, and self-confidence anxiety, as well as in the dimensions of observing, describing, acting with awareness, non-judging of inner experience, and non-reacting to inner experience (Table 3).



TABLE 3 Descriptive statistics for study variables including t-test comparisons between groups.
[image: Table comparing MAIC and Control groups across various metrics with mean and standard deviation. Metrics include CSA, SSA, SSC, CSAI-2, Observe, Describe, Non-judge, Non-react, Act, and FFMQ. T and P values are provided for each metric, with P values indicating statistical significance. SSA: somatic state anxiety. CSA: cognitive state anxiety. SSC: state of self-confidence.]



3.2 CSAI-2 after mindfulness intervention

Table 4 indicates a decrease in the somatic anxiety of the mindfulness group mid- and post-intervention. Repeated measure ANOVA shows significant main effects for groups (F = 16.23, p < 0.001, and η2p = 0.43), time (F = 5.05, p < 0.019, and η2p = 0.19), and interaction (F = 7.60, p < 0.004, and η2p = 0.257). The simple effects of groups are not significant at pre-intervention (F = 0.002, p = 0.965, and η2p = 0.000) but significant at mid-intervention (F = 6.29, p = 0.019, and η2p = 0.225) and post-intervention (F = 60.90, p = 0.001, and η2p = 0.735).



TABLE 4 Means, standard deviations, and two-way ANOVA statistics for outcome measures.
[image: Table showing measures of SSA, Csa, SSC, and Csai-2 for MAIC and Control groups at pre-intervention, intervening, and post-intervention stages with mean ± standard deviation, effect, ANOVA results, and effect size. SSA, Csa, and SSC show significant effects at various stages, with P-values indicating statistical significance.]

Multiple comparisons reveal that somatic anxiety levels decreased progressively from mid-test to post-test within the mindfulness group. All results indicate significance (p < 0.05). Somatic anxiety is reduced sequentially from the mid- and post-tests in the control group, indicating no significance (p > 0.05). Somatic anxiety decreases at pre-, mid-, and post-intervention, reaching significant levels. There is a significant difference between pre- and mid-tests (p < 0.024), mid- and post-tests (p < 0.004), and pre- and post-tests (p < 0.001) in the mindfulness group. No difference exists among the pre-, mid-, and post-tests in the control group.

Table 4 displays increased and unchanged SSC in the mindfulness group and control group during and after the intervention. Repeated measure ANOVA results indicate that groups have significant main effects (F = 8.49, p = 0.008, and η2p = 0.28); however, those of time (F = 0.49, p = 0.62, and η2p = 0.02) and interaction effects between time and groups (F = 2.60, p = 0.09, and η2p = 0.11) are not significant. The test of groups’ simple effects shows that they are not significant at pre-intervention (F = 1.22, p = 0.28, and η2p = 0.05.) but significant at mid-intervention (F = 4.70, p = 0.04, and η2p = 0.18) and post-intervention (F = 11.97, p = 0.002, and η2p = 0.35). The analysis of the simple effects of time reveals no significant differences in the mindfulness group (F = 0.38, p = 0.69, and η2p = 0.04) and control group (F = 1.93, p = 0.17, and η2p = 0.16).

The table demonstrates the decreased and unchanged CSA of the mindfulness group and the control group during and after the intervention. Repeated measures ANOVA indicates main effects are significant in groups (F = 15.70, p = 0.001, and η2p = 0.42) and time (F = 4.19, p = 0.02, and η2p = 0.16). However, they are not significant in the interaction between groups and time (F = 5.24, p = 0.01, and η2p = 0.19). The simple effects of groups shows that they are not significant at the pre-intervention (F = 1.49, p = 0.24, and η2p = 0.06) and mid-intervention (F = 4.23, p = 0.05, and η2p = 0.16) but significant at the post-intervention (F = 48.88, p = 0.001, and η2p = 0.69). The simple effects of time shows that they are significant in the mindfulness group (F = 8.37, p = 0.002, and η2p = 0.45) but not significant in the control group (F = 0.08, p = 0.92, and η2p = 0.01). Multiple comparisons indicate pre-, mid-, and post-tests sequentially decrease CSA due to mindfulness intervention. There are significant differences in CSA between pre- and post-tests (p = 0.001) as well as mid- and post-tests CSA (p = 0.017) in the mindfulness group. However, no significant difference exists in the CSA of pre-, mid-, and post-tests in the control group.

There is decreased and unchanged CSAI-2 in the mindfulness group and control group during and after the intervention. Repeated measures ANOVA results show significant main effects exist in groups (F = 5.22, p = 0.03, and η2p = 0.99) and time (F = 6.43, p = 0.004, and η2p = 0.23). However, they are not significant in the interaction between time and groups (F = 5.20, p = 0.009, and η2p = 0.19). The simple effects of groups show that they are not significant in the pre- and mid-tests but significant in the post-test (F = 19.08, p = 0.001, and η2p = 0.46). The simple effects of time show they are significant time due to the mindfulness intervention (F = 8.92, p = 0.002, and η2p = 0.46), but not significant under control conditions (F = 0.03, p = 0.97, and η2p = 0.00). Multiple comparisons reveal that the CSAI-2 values of pre-, mid-, and post-tests are sequentially lower due to the mindfulness training. The CSAI-2 values have significant differences between pre- and mid-tests (p = 0.014), mid- and post-tests (p = 0.023), and pre- and post-tests (p = 0.001) in the mindfulness group. However, no significant differences exist in the control group.



3.3 FFMQ after mindfulness intervention

Table 5 shows mean scores on all aspects of mindfulness increase over time, but there are slight differences in scores across aspects. This trend is supported by the within-subjects variance. The observing dimension is statistically significant considering the main effects of time (F = 3.37, p = 0.04, and η2 = 0.13) and groups (F = 14.33, p = 0.001, and η2p = 0.39). The non-reacting to inner experience dimension is significant considering the main effect of the group (F = 4.26, p = 0.05, and η2p = 0.16) and interaction effects of group and time (F = 6.60, p = 0.003, and η2p = 0.23). Multiple comparisons show that scores on observing, describing, and non-reacting to inner experience dimensions are statistically significant during and after intervention (p < 0.05).



TABLE 5 Means, standard deviations, and two-way ANOVA statistics for outcome measures.
[image: A table comparing MAIC and Control groups across different measures: Observe, Describe, Non-judge, Non-react, Act, and Ffmq. Each measure includes pre-intervention, intervening, and post-intervention data with averages (M) and standard deviations (SD). The table shows effects (A, T, A × T) and ANOVA results (F, P, η²ₚ). Notes explain M, SD, A, T, F, P, and η²ₚ.]

The FFMQ scores are improved significantly with mindfulness intervention. Repeated measures ANOVA shows significant main effects in groups (F = 5.58, p = 0.027, and η2p = 0.20) and the interaction between time and groups (F = 3.87, p = 0.028, and η2p = 0.15). However, they are not significant in time (F = 1.60, p = 0.21, and η2p = 0.06). The simple effects of groups show they are not significant before intervention (F = 0.02, p = 0.87, and η2p = 0.001) and during intervention (F = 1.50, p = 0.23, and η2p = 0.06), but significant after intervention (F = 13.37, p = 0.001, and η2p = 0.38). The simple effects of time show that they are significant in the mindfulness group (F = 5.62, p = 0.011, and η2p = 0.35), but not significant in the control group (F = 0.32, p = 0.73, and η2p = 0.02). Multiple comparisons indicate that the FFMQ values of pre-, mid-, and post-tests increase sequentially in the mindfulness group. The describing dimension values are significantly different between the pre- and post-tests (p = 0.003) as well as the mid- and post-tests (p = 0.040). No significant differences exist between observed dimensions (p = 0.336) in pre- and mid-tests. The dimensions are not significantly different in the control group in pre-, mid-, and post-tests.




4 Discussion

The effects of 7-week MAIC on the competitive state anxiety of sprinters were examined. Seven-week MAIC improved mindfulness and SSC and reduced SSA and CSA.

Mindfulness training was designed to help sprinters develop mindfulness skills and improve athletic performance. Athletes’ level of mindfulness was measured using the FFMQ before, during, and after the intervention. The FFMQ could capture changes in mindfulness across experimental phases. The observed dimensions increased at all three-time points and were statistically significant. The non-reacting to the inner experience dimension was significant considering the interaction effects of time and group. Scores on observing, describing, and non-reacting to inner experience dimensions increased at all three-time points. However, the increases were statistically significant before and after the intervention. These results were consistent with published literature, suggesting that observing and non-reacting to inner experience dimensions were stronger inverse predictors of emotional symptoms, including fear and anxiety (Medvedev et al., 2018).

Competitive state anxiety was significantly reduced due to MAIC intervention, suggesting that mindfulness intervention was a key to clinical improvement. Fairly strong evidence suggested that mindfulness programs [e.g., mindfulness-based stress reduction therapy (Kabat-Zinn, 2013)] reduced the competitive anxiety level in athletes (Gan et al., 2024). However, flow states (Liu, 2023) have shown promising results for psychological health, suggesting the utility of the mindfulness intervention in the study.

Previous research has shown that mindfulness training can increase athletes’ mindfulness levels and promote athletes’ performance (Zhang et al., 2016). It is confirmed by comparing the results of the mindfulness and control groups. However, only the observed dimensions and the FFMQ have the main effect of time. The likely explanation is that athletes’ engagement in mindfulness exercises is limited, and they have not fully integrated these practices into their routines.

Results from recent studies and meta-analyses suggest that the mindfulness intervention can alleviate athletes’ anxiety levels (Deck et al., 2022). Additionally, it provides a strong evidence base for applying psychological intervention to reduce athletes’ competitive state anxiety (Ong and Chua, 2021). Athletes in the mindfulness group decrease SSA and CSA and increase SSC. Importantly, this positive effect is immediately visible in the training, demonstrating the relative immediacy of the mindfulness training. These results are similar to those of imagery (Fekih et al., 2021) and self-talk training (Walter et al., 2019), which are commonly used in sports psychology training. The process integration hypothesis proposed by Wang suggests that athlete choking arises because of personality factors, performance expectations, and spectators (Jing et al., 2018). Mindfulness practice prompts athletes to cultivate an open and non-judgmental attitude toward their present thoughts and emotions. It reduces self-critical thinking, which can be distressing (Gardner and Moore, 2017). Consequently, mindfulness training can help improve athletes’ psychological conditions during competition.



5 Conclusion

Mindfulness training has been systematically applied to sports as a psychological intervention. Mindfulness training was innovatively applied to measure the changes in the competition anxiety of sprinters under mindfulness intervention. Mindfulness intervention could significantly improve the mindfulness level of sprinters and reduce the anxiety of sprinters in competition. Mindfulness training after regular training sessions increased athletes’ self-confidence and reduced physical state anxiety and cognitive state. Specifically, enhanced self-confidence improved the sports performance of athletes because the subjects in the study have achieved good results in national track and field competitions. The psychological problems of sprinters have become a common concern in the sports training theory and practice with the rapidly growing international competitiveness of China’s sprint program. Athletes were recommended to arrange mindfulness training rationally according to their convenience to obtain the ideal psychological state and sports performance in daily training or competitions.



6 Limitations

Limitation 1: Small sample sizes may reduce the effectiveness of the study due to the limited number of sprinters who meet our inclusion and exclusion criteria. Limitation 2: The control group could not receive conventional psychological counseling due to the researchers’ limited professionalism and manpower. Therefore, the results of the study should be interpreted cautiously.
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Agelyears Gender Identity Discipline

18-25 913%  Female 37.0% | Active 76.1%  Epee 33.7%
26-30 33%  Male 63.0%  Retired 23.9% | Foil 34.8%
31-40 33%  Others 00%  Coach 120% | Sabre 28.2%
41-50 22% Others 43%  Undefined 33%

Presents as percentage of total participants and fencing experience presents in mean + standard deviation.

Athletic level

Tier 3
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Theme Main code Frequency (n = 62) Percentage

Emphasis the term Very tired ) 37.1%
Match-related context During match 19 30.6%
Unsatisfied results 2 19.4%
After match 4 11.3%
Emotional response Disgusted 16 25.8%
Annoyed 5 8.1%
Stressful 5 8.1%
Anxious 4 65%
Psychomotor response Disengaging thought 13 21.0%
Blank mind 9 145%
Recalling 6 9.7%
Decreased attention 4 6.5%
Slow rea 3 4.8%
Somatic response Headache 16 25.8%
Powerless body 6 9.7%
Sleep disturbance Drowsiness 6 9.7%

Insomnia 3 4.8%
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Men (6)

Women (4)
Mean + SD

Mean + SD
FINA Points 696+47
Age (years) 206+3.1
Height (cm) 184362
Weight (kg) 81592
BMI (kgm™) 29:18
FINA = Fédération Internationale de Natation; BMI

716+ 98
2538
1777475
767478
242213
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MANOVA Age* Gender

Measure Junior =33 Senior =24 Female = 33 Male =24

Spatial-Prime (ms) NC 574.11£72 542.81+59 558.28+68 5645771
SR 520.45+60 490.77+39 497.95+42 52170465
sC 539.16474 494.73£55 520.68+75 520.14464
S 505.64+44 501.63+44 503.48+42 504.60+46
08 53045448 508.60+59 518.26+48 52536462

Corsi-Block (Score) BS 67612 7.58+0.8 712812 7.08+1.01
T 62.61+21.47 7933£154 69.88+24.1 6933150
TC 9.15%1.62 1038412 9.64%1.8 9714104
MS 557408 618206 58109 585505

Spatial-Prime (ms): NC, trials was no cue; SR, cue appear in the same row; SC, cue appear in the same column; S5, cue appear in the same square; OS, cue appear in a different row.
Corsi-Block (Score): BS, block span; TS, total score; TC, total correct trails; MS, memory span.
*p<0.05.
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MANCOVA Elite level

Measure Semi-elite =29 Competitive-elite = 28
NC 567.18+73 554.46 £ 64
SR 506.93+45 509.01 62
Spatial-prime (ms) sC 53108477 5094561
SS 502.01 £41 505.96 + 46
0s 520.25+42 52228465
BS* 6.55+1.21 7.68+0.81
TS 61.79+£22.21 77.79+15.68
Corsi-Block (Score)
TC 9.21£1.69 10.14£1.29
MS 5.60+0.87 6.07+0.64

Spatial-Prime (ms): NC, trals was o cue; SR, cue appear in the same row; SC, cue appear i the same column S5, cue appear in the same square; OS, cue appear ina different row. Corsi-
Block (Score): BS, block span; TS, total score; TC, total correct trails; MS, memory span.
"p<0.05.
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Age/ Gender Age Training Elite athlete's levels ( )

academic ears A -
e i Semi  Competitive ~ Successful ~ World  Scores
elite elite elite class elite
Female players 22 13642113 629 15 7 1 0 367
Junior
Male players n 12.82+0.98 427 8 3 o o 432
Female players n 16.73+0.90 8.77 i 10 5 o 575
Senior
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Elite athlete’s levels score, semi elite 1-4, competitive elite 4-&

successful elite 8-12, world class elite 12-16.





OPS/images/fpsyg-15-1380281/fpsyg-15-1380281-t001.jpg
1. Mascarenhas et al. (2005);
(English)

Rugby

Interactors

37 (expl14, non-exp23)

Accuracy

Exp: 54.3 £32.9

Non-exp: 52.4 4263

2. Bard et al. (1980); (English)

Gymnastics

Monitors

7 (exp4, non-exp3)

Number of fixations

Compulsory

Exp: 69.44 +22.28
Non-exp: 94.65 & 16.45
Optional

Exp: 94.65 & 19.38

Non-exp: 129.41 & 52.33

3. Aghakhanpour et al. (2021);
(English)

Fencing

Monitors

28 (exp14, non-expl14)

Accuracy

Number of fixations

Duration of fixations

Exp: 4321 £3.65

Non-exp: 27.36 % 5.82
Exp: 2.17 £ 047
Non-exp: 3.03 % 0.40
Exp: 642.8 £ 159.7

Non-exp: 522.7 £ 106.7

4. Kostrna and Tenenbaum
(2022); (English)

Basketball

Interactors

56 (exp24, non-exp32)

Accuracy

Number of fixations

Duration of fixations

Exp: 61.67 £ 7.42

Non-exp: 31.35 £ 6.33
Exp: 3.44 £ 1.11
Non-exp: 6.85 & 1.55
Exp: 397.59 £ 67.41

Non-exp: 379.11 £ 99.80

5. Mack (2020); (English)

Gymnastics

Monitors

32 (exp14, non-expl8)

Duration of fixations

Number of fixations

Original

Exp: 0.457 £ 0.121
Non-exp: 0.436 & 0.109
Stick-figure

Exp: 0.506 = 0.191
Non-exp: 0.497 & 0.169
Original

Exp: 6.076 £ 1.034
Non-exp: 6.282 & 0.892
Stick-figure

Exp: 5.882 £ 1.166

Non-exp: 5.816 = 1.300

6. Hancock and Ste-Marie
(2013); (English)

Ice hockey

Interactors

30 (exp15, non-expl5)

Number of fixations

Duration of fixations

Accuracy

Exp:9.19 £2.27

Non-exp: 9.18 4 2.26
Exp: 420.31 £ 112.02
Non-exp: 459.29 & 148.84
Exp: 19.27 & 1.44

Non-exp: 17.73 £ 2.31

7. Ramachandran et al.
(2021); (English)

Cricket

Interactors

31 (exp12, non-exp19)

Number of fixations

Duration of fixations

Exp:5.0 16

Non-exp: 42 % 1.7
Exp: 972.91 % 628.01

Non-exp: 1,520.42 = 663.90

8. Van Biemen etal. (2023);
(English)

Football

Interactors

14 (exp5, non-exp9)

Accuracy

Duration of fixations

Exp: 87.8 £ 10.6

Non-exp: 76.1 % 14.7
Exp: 400 % 18

Non-exp: 507 & 12

9. Larkin et al. (2011);
(English)

Football

Interactors

28 (exp15, non-expl3)

Accuracy

Exp:23.7 £48

Non-exp: 21.9 £ 4.2

10. Moore et al. (2019);
(English)

Rugby

Interactors

18 (exp9, non-exp9)

Accuracy

Number of fixations

Exp: 53.33 £ 14.14

Non-exp: 38.89 & 13.64
Exp: 1.64 £0.29

Non-exp: 2.20 % 0.19

11. Millslagle et al. (2013a);
(English)

Behind-the-
plate
baseball

Interactors

8 (exp4, non-exp4)

Duration of fixations

Exp: 85.7% =& 14.3

Non-exp: 49.8% =% 11.4

12. Spitz et al. (2018);
(English)

Football

Interactors

43 (exp22, non-exp21)

Accuracy

Exp: 63.1 £98

Non-exp: 55.4 £ 9.6

13. Millslagle et al. (2013b);
(English)

Fast pitch
softball

Interactors

8 (expd, non-expd)

Number of fixations

Exp: 2.06 + 1.6

Non-exp: 2.59 % 1.8

14. Catteeuw et al. (2009);
(English)

Football

Interactors

10 (exp5, non-exp5)

Accuracy

Exp: 83.5 £ 7.0

Non-exp: 74.6 £ 4.8

15. Spitz et al. (2016);
(English)

Football

Interactors

39 (exp20, non-exp19)

Accuracy

Open play technical

Exp: 54.5+19.2
Non-exp: 49.5 £ 13.5
Open play disciplinary
Exp: 61.0 % 17.0
Non-exp: 45.3 £ 16.1
Corner kick technical
Exp: 69.5 £ 13.0
Non-exp: 56.8 £ 10.5
Corner kick disciplinary
Exp: 82.5+5.4

Non-exp: 82.6 + 7.4

Number of fixations

Open play

Exp: 169 +2.7
Non-exp: 17.2 2.6
Corner kick

Exp: 19.1+£22

Non-exp: 19.6 % 2.6

16. Van Biemen et al. (2022);
(English)

Football

Interactors

12 (exp4, non-exp8)

Number of fixations

Duration of fixations

Exp: 13£0.2

Non-exp: 1.8 £0.3
Exp: 1,158 £ 150

Non-exp: 847 = 240
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Variable SMD (95% Cl) P-value ?)

Decision-making accuracy | Interactors 093039, 1.48] P <005 83% (P < 0.05)
Monitors 3.17 [2.01,433] P <0.05 /

Number of fixations Interactors —0.75 [~1.54,0.03] P=0.06 86% (P < 0.05)
Monitors ~0.50 [~0.91, ~0.10] P <005 58% (P = 0.05)

Duration of fixations Interactors —0.01 [~0.63,0.61] P=096 76% (P < 0.05)
Monitors 0.66 [—0.04, 1.35] P=006 70% (P < 0.05)
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Control

Measures M+SD

Observe

Pre-intervention 298336464 2858347216 A 1433 0.001 039
Intervening 32500+3.233 2675045.276 T 337 004 013
Post-intervention 37416£5.45 28.500+5.402 AxT 296 006 012
Describe

Pre-intervention 27.083:46.694 2608344378 A 390 006 015
Intervening 28.000+4.327 2616644427 T 181 017 008
Post-intervention 31.500+5.616 2650043919 AXT 124 030 005

27.583£6.556 26583+4316 A 092 035 004
Intervening 285833117 2841644851 T 121 031 005
Post-intervention 30.250+4.287 2725045.154 AxT 079 0.6 003
Non-react
Pre-intervention 23.666+5.348 252503048 A 426 005 0.16
Intervening 26.083:46.200 2341643824 T 214 013 009
Post-intervention 3033345898 23.166+2.790 AXT 660 0,003 023
Act
Pre-intervention 2333324.163 2375044692 A 101 033 004
Intervening 2250044078 25.666:+6.169 T 267 008 011
Post-intervention 2058345664 21.083+6.999 AxT 054 059 002
Ffng
Pre-intervention 127.416£21.873 126,083+ 13.500 A 558 0027 020
Intervening 132.083£12.915 133.833£19.237 T 160 021 006
Post-intervention 14483315330 126.500+15.733 387 0.028 015

M represents the averages SD represents the diference in samples; A represents theeffect sze of the groups T represents the effect size of time; A x T represents the interaction between the
group and time; F represents the variance analysis; P represents significance; n’, represents the effect size.
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haracteristics Control

(n=12)
Age (M+5D) 2258+1311 223321435
Gender (%) 1.000
Females 47% 407%
Males 58.3% 58.3%
Training age (%) 0698
Syears or less 47% 58.3%
6years and above 50.0% 50.0%

MAIC: mindfulness training group. Control: control group. M: Mean. SD: standard deviation.
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Training

topics

Training content and objectives

Mindfulness

preparation

Mindfulness

Egocentrism

reduction

Acceptance

Value and

consciousness

Commitment

Comprehensive
review and

consolidation

Introduce the theory, facts, and basic methods of mindfulness
training; help athletes form a preliminary impression of the

activity and arouse interest in participating.

Body scanning exercises; assist athletes to fully understand
their status, maintain objectivity, do not judge and react, and
focus on the current situation.

Explain the concept of self-centeredness: guide athletes to
‘gradually shift from self-preoccupation to task attention;
perform mindfulness imagery exercise and mindful eating of
grapes.

Mindfulness raisin exercise and mindfulness drinking
practice; do not judge, do not react to inner experiences, and
accept their existence as they are. Do not evaluate objective
things with personal subjective intentions; instead, recognize

and accept them as they are.

Mindfulness breathing and consciousness; focus on values and
awareness; guide athletes to discover the meaning of their
current behavior and the direction and motivation of thinking
behavior, as well s to take responsibility for their behavior.
“The extension of values and consciousness: Values serve as the
guiding compass and motivational impetus for athletes’
behavior, while concentration affords them the means to
allocate their time effectively. As athletes refine their state of
consciousness, they become more adept at resolutely
committing to and engaging in behaviors that resonate with

their fundamental values.

A comprehensive review and synthesis of the training
provided in mindfulness intervention is provided, along with
an integrated direction and guide for mindfulness practice and

application afier the mindfulness training course.
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M represents the averages SD represents the diference in samples; A represents the effect sze of the groups T represents the effect size of times A x T represents the interaction between the
group and time; F represents the variance analysis; P represents significance; n’, represents the effect size.





OPS/images/fpsyg-16-1640470/crossmark.jpg
©

|





OPS/images/fpsyg-15-1493434/inline_9.gif





OPS/images/fpsyg-15-1493434/inline_5.gif





OPS/images/fpsyg-15-1493434/inline_6.gif





OPS/images/fpsyg-15-1493434/inline_7.gif





OPS/images/fpsyg-15-1493434/inline_8.gif





OPS/images/fpsyg-15-1493434/inline_11.gif





OPS/images/fpsyg-15-1493434/inline_2.gif





OPS/images/fpsyg-15-1493434/inline_3.gif





OPS/images/fpsyg-15-1493434/inline_4.gif





OPS/images/fpsyg-15-1493434/inline_10.gif





OPS/images/fpsyg-15-1457449/fpsyg-15-1457449-g002.jpg
Corrected numbers

Post

B Golf
B Football
B Control





OPS/images/fpsyg-15-1457449/fpsyg-15-1457449-g003.jpg
VO2max (mL/kg/min)

65

60

w
a

w
S

IS
o

IS
S

35

30

Post

B Golf
B Football
B Control





OPS/images/fpsyg-15-1457449/fpsyg-15-1457449-t001.jpg
Groups eteli IGE] Control

Age (years) 2095 (1.02) 2081 (0.98) 2062 (0.87)

Heartrate (/min)  65.33 (6.191) 63.62(5.4) 7343 (6.49)

BMI 23.1(1.73) 2256 (1.55) 24.04(2.63)

IPAQ (METS) 4650.57 3932.71(903.79) 1399.81 (506.88)
(837.3)

Data are presented as mean (SD). BMI indicates the body mass index. IPAQ indicates the
general physical activity level out of training over the last 7days during the intervention.
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Variables Golf Golf Football
Pre Post
FT
Congruent 84638 (113.23) 84533 (139.12) 87548 (171.84) 81471 (117.53) 83443 (140.40) 893.33 (126.84)
Incongruent 885.67 (106.00) 903.90 (148.49) 91876 (160.74) 859.14 (96.12) ** 883.05 (127.24) 964.29 (115.98)
CBBT
643 (0.93) 6.48 (0.68) 643 (0.87) 652(0.87) 681 (1.03) 667 (1.15)

Data are presented as mean (SD). FT indicates the Flanker task (reaction time); CBBT indicates the Corsi-block backward task (corrected numbers). p<0.05 compared with pre-testafter
Bonferroni correction. p<0.05 compared with control group at post-test afier Bonferroni correction.
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High MSRS Low MSRS

High ED Low ED High ED Low ED
Baseline Post- Baseline Post- Baseline Post- Baseline Post-
intervention intervention intervention intervention

SST_Go_RT 403.68 401.91 (37.04) 388.43 379.95 (33.60) 42263 420.69 (33.37) 409.03 409.86 (36.35)
(ms) (33.06) (32.67) (58.39) (35.57)

SST_Go_Correct | 98.15 (4.20) 98.84 (1.63) 99.31 (0.96) 98.73 (1.39) 96.43 (7.47) 97.49 (4.80) 99.46 (0.62) 99.31 (1.13)
_Rate (%)

Response 68.99 67.23 (71.02) 81.85 73.37 (42.53) 124.75 122.82 (35.42) 83.74 84.58 (56.38)
slowing (ms) (66.08) (35.31) (63.90) (55.72)

The number in parenthesis indicates SD.
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Abbreviations

CG

Meanings

Control group

CRTIT

Choice reaction time task

CRTT_Correct_Rate

The ratio of correct responses to all responses in
the CRTT

CRTT_Go_RT The mean reaction time on all go trials in the
CRTT

EDG Ego-depletion group

GNG task Go/no-go task

Go_Correct_RT

The mean reaction time for correct go responses
in the GNG task

GoRTV The variability in reaction time on go trials in the
GNG task

High ED group High ego-depletion group

Low ED group Low ego-depletion group

MSRS Movement-Specific Reinvestment Scale

No- The ratio of commission errors to all responses

Go_Commission_Rate

on no-go trials in the GNG task

SSD Stop-signal delay
SSRT Stop-signal reaction time
SST Stop-signal task

SST_Go_Correct_Rate

The ratio of correct responses to all responses on
go trials in the SST

SST_Go_RT

The mean reaction time on all go trials in the SST

SST_SSD

Mean stop-signal delay

SST_Uncancelled_RT

The mean reaction time on stop trials where
participants failed to stop or cancel the response
in the SST

SST_Uncancelled_Rate

The ratio of uncancelled responses to all

responses on stop trials in the SST

Go_Correct_Rate

The ratio of correct responses to all responses on
go trials in the GNG task
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SST_Uncancelled_Rate

F(1,35) F(1,35) P ns
Test 0.28 0.60 0.01 0.66 0.42 0.02
Ego-depletion group 227 0.14 0.06 0.03 0.88 <0.01
MSRS group 0.54 0.47 0.02 0.10 0.75 <0.01
Test x ego-depletion group 0.45 0.51 0.01 0.81 0.37 0.02
Test x MSRS group 2.32 0.14 0.06 6.98 0.01 0.17
Ego-depletion group x MSRS group 0.89 0.35 0.03 4.16 0.05 0.11
Test x ego-depletion group x MSRS group 4.71 0.04 0.12 1.09 0.30 0.03

Number in bold refers to p < 0.05.
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F(1,35) P F(1,35) P ng F(1,35) P ns
Test 0.45 0.51 0.01 0.40 0.53 0.01 0.45 0.51 0.01
Ego-depletion group 1.77 0.19 0.05 2.22 0.15 0.06 0.68 0.42 0.02
MSRS group 3.62 0.07 0.09 0.35 0.56 0.01 291 0.10 0.08
Test x ego-depletion group 0.06 0.82 <0.01 2:39 0.13 0.06 0.06 0.82 <0.01
Test x MSRS group 0.29 0.59 0.01 0.24 0.63 0.01 0.29 0.59 0.01
Ego-depletion group x MSRS 0.08 0.78 <0.01 0.93 0.34 0.03 1.81 0.19 0.05
group
Test x ego-depletion group x 0.32 0.58 0.01 <0.01 0.97 <0.01 0.32 0.58 0.01
MSRS group






OPS/images/back-cover.jpg
Frontiers in
Psychology

Paving the way for a greater understanding of
human behavior

The most cited journal i is field, exploring
psychological sciences - from clinical research to
cognitive science, from imaging studies to human
factors, and from animal cogiion to social
psychology.

Discover the latest
Research Topics

Frontier

Psychology

Frontiers
Avenue du Trbunal-Fédéral 34
1005 Lausanne, Switzerland.
frontiersinorg

Contactus

+41(0121 5101700
frontiersinora/about/contact






OPS/images/fpsyg-15-1396441/fpsyg-15-1396441-g006.jpg
Reaction time

1400

1200

1000

800

600

400

200

45°

90°

ELR @UD BFB






OPS/images/fpsyg-15-1396441/fpsyg-15-1396441-g007.jpg
90°

45°

1.10

1.05

@LR OUD BFB





OPS/images/fpsyg-15-1418094/crossmark.jpg
©

2

i

|





OPS/images/fpsyg-15-1396441/fpsyg-15-1396441-g002.jpg
Task score

O A N

Non-embodied task Embodied task
BOH @CH ECL





OPS/images/fpsyg-15-1396441/fpsyg-15-1396441-g003.jpg
Up-down axis (UD axis) Left-right axis (LR axis)






OPS/images/fpsyg-15-1396441/fpsyg-15-1396441-g004.jpg
instruction

Interval S00ms

The stimulus lasts up to 2000ms Interval 500ms

stimulus +






OPS/images/fpsyg-15-1396441/fpsyg-15-1396441-g005.jpg
Reaction time

1400

1200

1000

800

600

400

200

Male 45°

ok

ok
*x

Male 90° Female 45°
@OH mCH ECL

Female 90°





OPS/images/fpsyg-15-1396441/crossmark.jpg
©

2

i

|





OPS/images/fpsyg-15-1396441/fpsyg-15-1396441-e001.jpg
rotational speed

[os 90

21
RTy m] 19





OPS/images/fpsyg-15-1396441/fpsyg-15-1396441-g001.jpg
= AE1IEIE;
A R VS





OPS/images/fpsyg-15-1365420/fpsyg-15-1365420-g005.jpg
SSRT (ms)

' I 300

300

T
1 T 1 |
j ) T
200 . 200
=
75
N
100 100
0 0
Post-Intervention Test

Baseline Test

OLow MSRS @High MSRS

==l

I
=

(=S

Baseline Test Post-Intervention Test

OLow MSRS @High MSRS





OPS/images/fpsyg-15-1365420/fpsyg-15-1365420-g006.jpg
(o)

SST Uncancelled Rate

70

60

50

40

30

20

Baseline Test Post-Intervention Test

OLow MSRS @High MSRS





OPS/images/fpsyg-15-1365420/fpsyg-15-1365420-g001.jpg
go signal
1000ms

ITI
1000ms

starting signal
500ms

no-go signal
1000ms






OPS/images/fpsyg-15-1365420/fpsyg-15-1365420-g002.jpg
starting signal go signal ITI
500ms 1000ms 1500ms






OPS/images/fpsyg-15-1365420/fpsyg-15-1365420-g003.jpg
go signal
1000ms

ITI
1500ms

starting signal
500ms

v

stop signal
1000 - SSDms

SSDms






OPS/images/fpsyg-15-1365420/fpsyg-15-1365420-g004.jpg
Day 1

= MSRS
= CRIT

SST (the first phase)

Day 2

Baseline test: SST (the second phase )

/\

4 )
EDG:
Transcriptional Task
(copy the text but omit
letters )

\_ _/

-

\_

_—

CG:
Transcriptional Task
(copy the text verbatim)

/

—

Post-Intervention test: SST (the second phase)






OPS/images/fpsyg-15-1414499/fpsyg-15-1414499-t001.jpg
Choking Choking non-

susceptible susceptible
" 67 348
Mean Age 3576 4162
Male 7% 55%
Caucasian 67% 63%
Competitive 62% 47%

Starters 6% 46%





OPS/images/fpsyg-15-1414499/fpsyg-15-1414499-t002.jpg
MTI1 12 TI4 TI6
0.65*
MTI3, 0.56* 0.60%
MTI4 0.53* 055% 0.56*
MTIS. 0.53* 052% 0.60* 0.66*
MTI6 0.46* 045% 0.48* 0.43* 051*
MTI7 0.54* 053% 0.47* 0.57*% 0.56* 0.55%
MTI8 0.42% 0.43% 0.46* 0.43*% 0.46* 0.59* 0.55*
M 552131 529131 518135 562133 555134 5.401.25 5551.21 5.581.30

*p<0.001.





OPS/images/fpsyg-15-1365420/ain.jpg





OPS/images/fpsyg-15-1365420/cross.jpg
©

|





OPS/images/cover.jpg
& frontiers | Research Topics

The cognitive era in

sports performance:
mental fatigue, cognitive
training, and psychological
ergogenic sub