Mental practice improves pass accuracy in elite rugby players
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Abstract
Mental practice has been shown to improve motor performance; however, its effects in elite sports, particularly under constraints, remains underexplored. In this study, we examine the impact of mental practice, preceded by imagined or virtual game scenarios, on pass accuracy in elite rugby players. Seventy-five players from national and regional talent development teams participated in this study. They were divided into three groups: control (CTRL), motor imagery (MI), and virtual reality and motor imagery (VRMI) groups. All players completed pre- and post-tests assessing pass accuracy at three distances (10, 15 and 20 meters) under two conditions (with and without time constraints). Between the tests, the MI and VRMI groups performed three mental practice sessions over three different days. Each session consisted of two blocks of imagined (MI) or virtually observed (VRMI) stressful game scenarios (yellow card or try conceded) followed by imagined passes at each distance. The CTRL group did not engage in any practice during this period. Our results showed that mental practice improved pass accuracy under no constraints, with both MI and VRMI greater than CTRL (p<0.03 in all). Vividness of motor imagery improved over training sessions for MI and VRMI (p=0.01), but VRMI did not further enhance imagery vividness compared to MI alone. Under time constraints, pass accuracy at 20m declined during the pre-test for all groups (p=0.003). However, both mental practice groups failed to counteract this decrease at post-test. In conclusion, three mental practice sessions effectively enhanced pass accuracy under no constraints but did not mitigate the negative effects of time constraints on accuracy. Coaches and practitioners might consider implementing mental practice to further improve motor accuracy and reduce physical workload.
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Introduction
Achieving optimal motor performance in elite sports presents significant challenges. Athletes must consistently extend the limits of their physical capabilities while maintaining their performance precise and consistent, all under various constraints (1). For instance, in crucial moments like the decisive putt in golf, the decisive penalty kick in soccer, or scoring a try under time pressure in rugby, experts may perform below expectations. The pressure created by the high stakes sporting situations (2,3) lead to sub-optimal performance (4–6). Workloads, defined as the cumulative stress from multiple training sessions (7), are crucial to maintain and enhance performance. However, insufficient workloads can impede performance improvements (8), while excessive workloads decrease motor accuracy (9),and in extreme cases induce injuries (10–12). Thus, athletes must effectively balance training and recovery period to optimize performance and minimize risks of injury.
Although physical practice is undeniably fundamental for the improvement and stabilization of motor performance (10,11), complementary methods have also emerged. Mental practice, using motor imagery, offers physical educators and sport coaches alternative methods for improving/maintaining motor performance and reducing physical workload. Motor imagery is defined as the mental simulation of an action without any corresponding motor output (12,13). Numerous investigations have provided robust evidence that executed and imagined movements show overlapped brain activation (14,15) and that mental practice with motor imagery induces neural modulation (16). These neural changes support the behavioral benefits observed after only mentally repeating the movements, such as strength increase (17–19), and movement speed and accuracy improvement (20–24). Additionally, performance improvements have been reported in various motor skills sports such as basketball (25,26), or tennis (27,28). 
Despite the cumulated evidence concerning the beneficial effects of mental practice on motor performance, few studies have focused on elite sports (29). Moreover, the effects of mental practice on performance under constraints remain largely unexplored while physical practice under pressure constraint enhance performance in various disciplines, such as soccer (30), basketball and dart (31).
Another alternative to reduce workload and improve motor performance would be virtual reality (VR). VR is a promising tool in sports, which enables the replication of complex game situations that are challenging to simulate in traditional training facilities (32,33). VR is a computerized interactive simulation of a three-dimensional environment, often experienced through a head-mounted display. These environments can range from realistic depictions of real places to entirely imaginary settings (34). Studies have shown that VR immersion can significantly influence the autonomic nervous system, indicated by increased skin conductance (35) and respiratory rate (34), as well as reduced parasympathetic activity (36). These physiological effects are closely linked to the quality of immersion and the sense of presence, leading to engage deeply in the scenery (37). In addition, VR is regarded as one of the most promising methods for inducing emotions akin to those experienced in competitive settings, such as pressure (38). Overall, the opportunity to create immersive and realistic training scenarios by means of VR could present a valuable opportunity for athletes to enhance their performance by mentally simulating situations under constraints. Recent studies showed that the combination of mental practice with VR induced greater performance improvement in comparison to mental practice alone (39,40). Additionally, integrating environment visualization can enhance the focus on the imagined movements (41).
In the current study, we first aimed to explore the influence of mental practice on pass accuracy in elite rugby players. We suggested that three sessions of mental practice would significantly enhance pass accuracy in comparison to no practice. We also investigated whether priming mental practice with imagined or virtually observed scenarios of stressful game situations (yellow card or try conceded) would improve pass accuracy under time constraints. We hypothesized that mental practice associated with VR would further reduce the errors on pass accuracy when players are under time constraints, in comparison to mental practice alone. Finally, we evaluated the positive impact of VR on the vividness of images generated by the players. We hypothesized that exposure to VR scenarios of game situations prior to imagining the passes would help players create more vivid images than those who did not use VR.

Material and methods
Participants
One hundred and six rugby players (21 females and 85 males), aged between 15 and 30 years old, were included in the study. Twenty-one of them played for the Olympic French rugby Seven team and the others for youth elite development program. They were divided into three groups: (a) Control (CTRL) group who only performed the pre- and post-tests (n = 20), (b) Motor Imagery (MI) group who performed 3 sessions of mental practice between the tests (n = 48), and (c) Virtual Reality and Motor Imagery (VRMI) group who performed 3 sessions of mental practice after using virtual reality (n = 38). Due to incomplete test session or injury, a total of 75 players (8 females and 67 males) was included in data analysis (17, 31, and 27 in the CTRL, MI and VRMI groups, respectively).
Experimental procedures
The study complied with the standards set by the Declaration of Helsinki (excluding pre-registration). Informed consent was obtained from all participants. Within one week, we tested pass accuracy in two sessions (pre- and post-test) separated by at least three days. Between the test sessions, participants of the MI and VRMI groups performed three sessions of mental practice, each on separate days. Each session was composed of two blocks of imagined (MI) or virtually observed (VRMI) stressful game scenarios followed by mental practice. The CTRL group received no practice (see Figure 1 for details).
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Pass accuracy measurement
At pre- and post-tests, we measured pass accuracy for three distances from the target (10, 15 and 20 m, in this order) and two conditions (with and without time constraint, randomized). 
The goal was to touch the target (a rugby ball placed on a 103 cm-height pole). The ball to throw was placed on the ground in front of the cone indicating the distance to the target. The cone was positioned so that the participants were slightly in front of the target (to pass backwards; Figure 2A). Under the ‘no time constraint’ condition, the player caught and threw the ball as fast as possible on the Go signal, given by the experimenter. Under the ‘time constraint’ condition, the player did the same task while a second experimenter was running at him/her to catch the ball. This second experimenter started at the Go signal, 5 meters away from the cone.
For each distance and each condition, the players had 5 trials. In total, the players did 30 trials, 15 with no time constraint and 15 with time constraint. Half of the players started with no time constraint, and the other half with time constraint.
To measure the error from the target, we recorded each trial by means of two cameras (SONY DCR-SR35) and analyzed the recordings a posteriori. The lateral camera was positioned to capture a 2D plan, perpendicular to the ground, which included the target in its field of view. The front camera was placed perpendicular to the plan. In order to measure accuracy, we used Kinovea (version 2023.1.2) to synchronize both videos. When the ball crossed the 2D plane (a plane including the ball, the target, and the lateral camera), both synchronized videos were stopped (Figure 2B). We then measured the distance between the ball and the target in centimeters. 
[image: ]

Scenarios prior to mental practice
Prior to the mental practice, participants of the VRMI group were immersed, through an HTC Vive head-mounted display, in a virtual environment displaying a scenario. This scenario was also projected on the experimenter’s laptop. Two main scenarios were used, with variations for each training session. Gender and skin color of the avatar were adjusted to fit the participant’s experience. The first scenario immerses the participant in a situation where the French national team has just conceded a try. The participant heard a whistle, and an image appeared, showing him/her positioned within the 22-meter line as teammates ran behind the poles to form a huddle. The participant was then quickly ‘teleported’ into the huddle, where they heard a player leading the team in taking three deep, synchronized breaths with teammates. Next, the team captain’s voice reassured the teammates and suggested focusing on what must be done. The teammates then left the huddle, running to take their positions on the field. Finally, the participant was teleported to a position where they could see the opposing team briefly waiting then running toward them after the kickoff. Figure 3’s left panel displays the huddle. The second scenario immersed the participant in a situation where he/she received a yellow card. The participant heard a whistle, and an image appeared, showing him/her positioned within the opponents' 22-meter area in front of an opponent as the main referee approached. Teammates and opponents acted as though the game was paused, and the referee walked over to speak briefly with another official. The stadium’s large screen displayed ‘TMO.’ After a moment, the main referee turned back toward the participant, approached, reached into his pocket for a yellow card, and raised it while blowing his whistle. The participant was then teleported near the technical area, eventually ending up off the field beside the coach. Table 1 describes the VR setup’s variations. Figure 3’s right panel displays the referee giving a yellow card. While the scenario was played, the experimenter narrated its progress using the screen as a reference (with visual and auditory cues) for the players of the MI group. Contrary to the players of the VRMI group who saw the scenario via the VR headset, the players of the MI group were instructed to mentally recreate, with their eyes closed, the environment narrated by the experiment. The goal of the VR or imagined scenario was to immerse the players in a stressful environment (try conceded or yellow card).
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Table 1 
Scenario variations during training sessions 
	Training session 
	Scenario 
	Weather 
	Time of day 
	Opponent team 
	Public 
	Time clock 
	Score 
	Type of situation 

	1 
	1 
	Sunny 
	Day 
	England 
	Exterior 
	5’ 
	0-0 
	Team conceded a try 

	 
	2 
	Rainy 
	Night 
	England 
	Exterior 
	70’ 
	0-10 
	Team conceded a try 

	2 
	1 
	Rainy 
	Day 
	England 
	Exterior 
	20’ 
	12-5 
	Team conceded a try 

	 
	2 
	Sunny 
	Day 
	England 
	Exterior 
	50’ 
	12-22 
	Yellow card 

	3 
	1 
	Sunny 
	Day 
	England 
	Exterior 
	50’ 
	10-22 
	Yellow card 

	 
	2 
	Sunny 
	Day 
	England 
	Exterior 
	77’ 
	26-22 
	Team conceded a try 


Note. Left score is always France. 

Mental practice
After the scenario phase, all players were asked to imagine a situation in the same environment they had just seen (VRMI group) or imagined (MI group), i.e., after the conceded try or when the player was back on the field after the yellow card. Therefore, the mental practice was situated in an imagined context that took place after the scenario they just saw/imagined. Then, the experimenter provided instructions to imagine the action and asked the players to mentally simulate a sequence of 10 passes at three different distances (10, 15, and 20 meters, randomized) without moving their bodies. A non-exhaustive example of situations is: "There’s strong pressure in the ruck, and things are moving fast. The opponents are closing in on your teammate, leaving a gap. Your winger has noticed it too, so you send him a long pass", "The opponent has the ball, offensive tackle, we steal the ball in the ruck, we see a gap, they won’t have time to reset, you send a long pass to your winger who’s ready", or "In front of the poles, you find yourself in the 9’s position after a ruck. You see two opponents coming at you fast, ready to take you down, but you hear your 10 calling for a drop goal from the center. If it goes through, it will lock in the game". After each set of ten passes at a specific distance, participants were asked to rate the clarity of the mental images on a Likert scale from 1 to 7, with 1 being "not vivid at all" and 7 being "perfectly vivid" (42). In total, the players of the MI and VRMI groups imagined 60 passes in different contexts at each session. One mental practice session lasted about 20 minutes. Table 1 outlines the specificities of each scenario and the setting that participants had to first visualize to mentally repeat the task.
Data analysis and statistics
For each distance (10m, 15m, and 20m) and condition (with and without time constraint), pre- and post-test pass accuracy was defined as the mean accuracy, excluding the minimum and maximum recorded values. The normality of the data distribution was assessed using the Shapiro-Wilk test. The significance level was fixed at 0.05 (type I error) and power (type II error) was superior to 0.8 for all the statistical analyses.
First, we examined the effects of different practices on pass accuracy without time constraints for each distance. The gain in pass accuracy between pre- and post-tests was calculated for each distance in percentage as follows: 
(1) Pass accuracy gain = (post – pre) / pre * 100 

To measure the effect of mental practice (with or without VR), we first performed a repeated measures (rm) ANOVA using pass accuracy without time constraint as the dependent variable, groups (CTRL, MI, and VRMI) as a between-subject factor and distances (10m, 15m, and 20m) as a within-subject factor. For each group, we compared the gain with the reference value ‘zero’ (0) to determine any improvement between pre- and post-test.
To examine the effect of time constraint on pass accuracy, we first used a three-way rmANOVA to compare pre-test performance across groups (CTRL, MI and VRMI) and distances (10m, 15m, and 20m) as between-subjects factors, and conditions (with and without time constraint) as a within-subjects factor. For distances showing a significant effect of constraint, we calculated the difference in accuracy with and without constraint during the pre-test (Δpre) and the post-test (Δpost) for each group. A rmANOVA was conducted with groups (CTRL, MI and VRMI) as a between-subjects factor and test difference (Δpre and Δpost) as a within-subjects factor.
Finally, to evaluate the evolution of mental images vividness across practice and between groups (with or without VR), we performed a rmANOVA with groups (MI and VRMI) as between-subjects factor and session training (S1, S2 and S3) as a within-subjects factor.
When necessary, we used Newman-Keuls tests for post-hoc analysis. Effect sizes for the ANOVA are reported as partial eta squared (η²), with small (η² < 0.06), moderate (0.06 ≤ η² < 0.14), and large effects (η² ≥ 0.14). In situations where no significant differences were observed, a Bayesian equivalence analysis was conducted using a Region of Practical Equivalence (ROPE) set at [−0.1, 0.1], with a prior Cauchy scale of 0.707 (43). The overlapping hypothesis Bayes factor (BFOH01) and the non-overlapping hypothesis Bayes Factor (BFNOH01) provide the evidence that the data support the null hypothesis versus the alternative hypothesis within the equivalence region, and the extent to which data fall within the region of equivalence rather than the region of non-equivalence, respectively. This analysis quantifies the evidence in favor of the null hypothesis and discriminates the ‘absence of evidence’ and the ‘evidence of absence’, thereby strengthening the reliability of conclusions.

Results
Effect of mental practice with and without virtual reality under no time constraint
Figure 4 illustrates the average values (+SD) of pass accuracy gain without time constraint for CTRL, MI and VRMI groups according to the distance (10m, 15m, and 20m). We found a significant effect of group (F2,72 = 5.43, p = 0.006, η² = 0.13) but no effect of distance (F2,144 = 1.97, p = 0.14, η² = 0.03) nor interaction group x distance (F4,144 = 1.52, p = 0.20, η² = 0.04). Post hoc analysis on groups revealed a significant difference between CTRL and both MI (p = 0.01) and VRMI (p = 0.003), but no difference between MI and VRMI (p = 0.44, Bayesian equivalence tests: BFOH01 = 4.73 and BFNOH01 = 7.46). Additionally, the comparison of the pass accuracy gains to the reference value (zero) indicated a significant increase of performance at post-test for MI (6.39 ± 28.08%; p = 0.03) and VRMI (9.57 ± 33.88%; p = 0.01), but not for CTRL (-4.53 ± 39.25%; p = 0.41, Bayesian equivalence tests: BFOH01 = 4.62 and BFNOH01 = 7.18). The results showed that mental practice with or without VR enhanced pass accuracy under no time constraint, compared to no practice. However, adding VR prior to mental practice did not result in further improvement compared to mental practice alone. 
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Effect of mental practice with and without virtual reality under time constraint
Figure 5A presents the average (+SD) of pass accuracy at pre-test, both without and with time constraints, across groups (CTRL, MI and VRMI) and for different pass distance from the target (10m, 15m, and 20m). We found a significant effect of distance (F2,216 = 71.38, p < 0.001, η² = 0.40), and an interaction effect condition x distance (F2,216 = 3.85, p = 0.02, η² = 0.04). The post hoc analysis revealed a significant decrease in accuracy with time constraint when the players were 20m away from the target (p = 0.003). However, no significant difference was observed for distances of 10m (p = 0.23, Bayesian equivalence tests: BFOH01 = 1.79 and BFNOH01 = 1.94) and 15m (p = 0.47, Bayesian equivalence tests: BFOH01 = 6.24 and BFNOH01 = 12.87). As the time constraint affects only the accuracy at 20m, we examined the difference effect of practice under time constraint only for this distance. 
Figure 5B illustrates the difference with and without constraint for the pre-test (Δpre) and the post-test (Δpost) between groups (MI, VRMI and CTRL) for the 20m distance. We did not find any effect of group (F2,72 = 0.08, p = 0.92, η² = 0.002), test (F1,72 = 1.31, p = 0.26, η² = 0.02) nor interaction group x test (F2,72 = 0.07, p = 0.94, η² = 0.001). Bayesian equivalent tests between Δpre and Δpost per groups supported similar data (BFOH01 > 3.08 and BFNOH01 > 3.87, for all). These results suggest that, although the time constraint reduced pass accuracy at 20m compared to no constraint, mental practice with or without VR did not compensate for this decline.
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Vividness of motor imagery
Figure 6 illustrates the mean score (+SD) of motor imagery vividness during each mental practice session for MI and VRMI groups. We found a significant effect of session (F2,112 = 5.22, p = 0.007, η² = 0.09) but no effect of group (F1,56 = 0.05, p = 0.82, η² < 0.001) nor interaction effect session x group (F2,112 = 0.51, p = 0.60, η² = 0.009). The post hoc analysis showed an increase of imagery vividness between the first training session (Likert scale S1: 4.38 ± 1.13) compared to the two others (Likert scale S2: 4.65 ± 1.13 and S3: 4.69 ± 1.10; p = 0.01, for both). This result suggests that players imagined more vividly across training, but that VR did not further enhance the vividness of motor images.
[image: ]
Discussion
In this study, we explored the effects of mental practice, preceded either by imagined situations (MI group) or by an immersion in a virtual reality scenario (VRMI group), on pass accuracy in elite rugby players, compared to no practice (CTRL group). Players completed passes at varying distances from the target (10m, 15m, and 20m) under two conditions: with and without time constraint. In the absence of time constraint, mental practice alone improved pass accuracy across all distances, while the addition of virtual reality provided no further improvement. Under time constraint, accuracy decreased only at the longest distance (20m), and mental practice with or without virtual reality did not counteract this decline of accuracy. In addition, the vividness of motor imagery increased over the course of mental practice, without any effect of prior VR. 
The elite rugby players exhibited greater accuracy in their physical execution of pass following mental practice. This finding aligns with several previous studies conducted with novice participants (29,44–46), which have shown that mental practice significantly enhances accuracy and speed during simple motor tasks, such as pointing or finger-tapping tasks (21,23,24), as well as in sport, such as golf (47,48) Only a limited number of studies have examined sport-specific motor skills among skilled players, typically combining mental and physical practice (29), such as in tennis (28) and soccer (49). Interestingly, our finding demonstrates the effectiveness of mental practice alone, suggesting it could provide an alternative training approach without adding the physical demands. This result has important implications for training periods where physical practice must be minimized, or workload managed carefully, particularly for elite athletes engaged in high-volume and -intensity training.  
Furthermore, the vividness of motor imagery improved across mental practice. Mental practice emerges as a dynamic process: enhancements in imagery ability during practice foster greater performance improvements post-training (42). Greater motor imagery ability exhibits greater activation in the premotor, parietal, and ventrolateral areas, cortical regions known to be involved in the generation of mental images (50).
Interestingly, the concept of internal models offers a theoretical framework for explaining performance enhancement achieved through mental practice (51,52). There is strong evidence supporting that motor predictions are generated by internal forward models - neural networks that simulate the causal relationships of physical processes by predicting future sensorimotor states (e.g., position, velocity) based on the efferent copy of the motor command and the current state (53). A recent study has demonstrated that the forward model may anticipate the sensory consequences of an imagined movement (54). During mental practice, both the initial state of the arm and the efferent copy of the motor command produced by the controller are available to the forward model, which then predicts the arm's future states. These internal predictions, serving as inputs from the forward model to the controller, would enhance the output of controller in the absence of movement-related sensory feedback, thereby improving motor performance in subsequent physical execution.
However, our findings did not show any additional improvement in accuracy nor increase in vividness when VR was prior to mental practice. This is in contrast with our hypothesis. Previous studies supported the use of VR to create realistic simulation environments for athletes during training (55,56). By providing immersive experiences, VR can enhance an athlete's sense of presence (57), and may assist in mentally visualizing the environment, enabling full concentration on mental movement to positively impact the effectiveness of mental practice (41). One potential limitation to explain our result could be the degree of immersion provided by the VR environment. The effectiveness of VR in enhancing mental imagery may depend on how fully immersed an athlete feels in the simulated environment. Previous research suggests that higher levels of immersion can significantly impact the effectiveness of VR training (58–60). The lack of improvement in vividness of mental image may explain why no additional gains in accuracy were observed when VR was used prior to mental practice. If the quality of the mental images generated during practice does not improve, the potential benefits of combining VR with mental practice may be limited. In another study, positive effects of VR were found when used to guide mental practice (40). Therefore, incorporating VR during mental practice may offer a more effective approach, especially in enhancing performance, than using VR prior to mental practice. It is also noteworthy that elite athletes may experience less significant performance gains compared to novice players (61). This could be attributed to the already high level of skill and performance consistency among elite athletes, resulting in diminished room for improvement (62). As such, the marginal gains offered by enhanced mental imagery through VR might not be as pronounced for skilled players. Harris et al. (2020) showed a positive effect of VR for novice, but not skilled, learners in golf putting (61).
Additionally, we showed that accuracy declined with time constraints when the distance from the target was high (20m), i.e., when the difficulty was greater (63). Sport situations, such as the dynamic movement of teammates and opponents for instance, create significant constraints, which can limit the effectiveness of movement (1). Similarly, Kostrna (2022) found fewer successful basketball free throws under time constraint in novice and elite learners (64). This decline in accuracy under constraint may be explained by two theories (65): the distraction (66) and the explicit monitoring theories (3). According to distraction theory, an athlete working memory becomes divided between task-irrelevant distractors and task-relevant performance, especially in stressful situations (67), reducing the cognitive capacity available for executing the motor task (68,69). On the other hand, the explicit monitoring theory posits that pressure amplifies self-awareness, leading to heightened attention toward bodily sensations and motor processes. This focus would reduce movement automatization and hinder execution (70). 
Our study did not reveal any significant effect of mental practice, with or without prior VR, on mitigating the decline in accuracy caused by time constraint. Although mental practice enhances motor performance, it appears insufficient to counteract the negative impact of time constraint in this case. This suggests that physical practice under constraint remains a critical element of training for athletes. For instance, training under pressure or implicit learning appear to be relevant for counteracting the pressure-induced performance drops (31,65,71,72). Note that the training duration in our study was limited to one week due to the organizational constraints inherent in the scheduling of elite teams. Further research is needed to determine whether extending the duration of mental training, associated with VR, would optimize performance under constraint. 

Conclusion
This study highlights the effectiveness of three sessions of mental practice in significantly improving pass accuracy in elite rugby players with no time constraints. However, these short bouts of mental practice (whether combined with VR) were not able to counteract the drop in accuracy under time pressure. This result underscores the challenges of maintaining precision in high-pressure situations. Notably, the addition of VR prior to mental practice did not further enhance performance or imagery vividness, potentially due to the already high skill levels of the players and/or the need for greater immersion in the VR experience. Altogether, our results emphasize the value of mental practice sessions in enhancing motor performance and provide a strong foundation for further exploration in elite sport. To optimize performance under pressure, extending mental training or adopting alternative VR configurations could unlock greater potential for athletes at this elite level.
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Figure legends
Figure 1. Experimental procedure. Three groups (IM, VRMI and CTRL) performed 5 passes at each distance (10, 15 and 20 meters) and conducted under both with and without constraint during the Pre-test (a total of 30 actual passes). In the subsequent three sessions, the MI and VRMI groups engaged in scenarios of stressful game situations, which were either imagined (narrated by experimenter) or virtually observed (with headset), respectively. These scenarios were followed by 10 imagined passes for each distance. The combination scenario-mental practice was repeated twice at each session using a different scenario each time (a total of 60 imagined passes per session). Meanwhile, the CTRL group did not engage in any practice during the three sessions. Following the intervention period, all groups completed a Post-test identical to the Pre-test. All tests and sessions were spread across different days within a one-week period.

Figure 2. Experimental device. A. Diagram of the setup for accuracy measurement. The x- and y-axes are in meters, representing the position of the throwing marks. Triangles 1, 2, and 3 denote throwing marks at three different distances (10, 15, and 20 m, respectively). The red cross represents the target; A and B represent the cameras. B. Screenshot of Kinovea synchronized video. The left panel shows a screenshot from Camera B, captured at the moment the thrown ball crosses the plane perpendicular to the ground and the camera lens. The right panel displays a synchronized screenshot from Camera A aligned with Camera B. Both panels pertain to the “with time constraint” condition.

Figure 3. Screenshot of two scenarios in the virtual environment. The left panel displays the interior of the huddle. The right panel displays the participant receiving a yellow card. Both panels are screenshots of virtual environment displayed with a HTC Vive headset.

Figure 4. Mean and standard deviation of pass accuracy gain without time constraint between groups (CTRL, MI, VRMI). Dots represent the individual gain according to the distance of pass (10m, 15m and 20m). Black and white stars represent significant different between groups (p < 0.05 and p < 0.01, respectively). Black triangles represent significant different compared to reference zero (p < 0.05).

Figure 5. Effect of mental practice with and without virtual reality under time constraint. A. Mean and standard deviation of pass accuracy during the pre-test according to the conditions (without and with time constraint) and the distance from the target (10m, 15m and 20m). Dots represent the individual accuracy according to the groups (CTRL, MI, VRMI). White star represents significant different between conditions (p < 0.01). B. Mean and standard deviation of difference in pass accuracy with and without constraint for the pre-test (Delta pre) and the post-test (Delta post) for only the distance of 20m. Dots represent the individual accuracy according to the groups (CTRL, MI, VRMI).

Figure 6. Vividness of motor imagery. Data presented as mean and standard deviation for MI and VRMI groups during the practice session (S1, S2 and S3). Dots represent the individual scores according to the groups practice (MI and VRMI). Black stars represent significant different between practice sessions (p < 0.05).
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Figure 1. Experimental procedure. Three groups (IM, VRMI and CTRL) performed 5 passes at each distance (10, 15 and 20 meters) and
conducted under both with and without constraint during the Pre-test (a total of 30 actual passes). In the subsequent three sessions, the Ml
and VRMI groups engaged in scenarios of stressful game situations, which were either imagined (narrated by experimenter) or virtually
observed (with headset), respectively. These scenarios were followed by 10 imagined passes for each distance. The combination scenario-
mental practice was repeated twice at each session using a different scenario each time (a total of 60 imagined passes per session).
Meanwhile, the CTRL group did not engage in any practice during the three sessions. Following the intervention period, all groups completed

Ml group

VRMEoup

CTRL group

5 passes for each distance (10, 15 and 20 m) and two conditions (with and without constraint)

Total of 30 actual passes

Scenario 1
Narrated by experimenter

Mental pbractice

10 imagined passes (at each distance)
Scenario 2

Narrated by experimenter

Mental practice
10 imagined passes (at each distance)

Total of 60 imagined passes

Identical to the previous session
with 2 new scenarios

Identical to the previous session
with 2 new scenarios

Scenario 1
Virtual reality

Mental practice

10 imagined passes (at each distance)
Scenario 2

Virtual reality

Mental practice
10 imagined passes (at each distance)

Total of 60 imagined passes

Identical to the previous session
with 2 new scenarios

Identical to the previous session
with 2 new scenarios

No practice

5 passes for each distance (10, 15 and 20 meters) and two conditions (with and without constraint)

Total of 30 actual passes

a Post-test identical to the Pre-test. All tests and sessions were spread across different days within a one-week period.
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Figure 2. Experimental device. A. Diagram of the setup for accuracy measurement. The
x- and y-axes are in meters, representing the position of the throwing marks. Triangles 1,
2, and 3 denote throwing marks at three different distances (10, 15, and 20 m,
respectively). The red cross represents the target; A and B represent the cameras. B.
Screenshot of Kinovea synchronized video. The left panel shows a screenshot from
Camera B, captured at the moment the thrown ball crosses the plane perpendicular to
the ground and the camera lens. The right panel displays a synchronized screenshot
from Camera A aligned with Camera B. Both panels pertain to the “with time constraint”
condition.
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Figure 3. Screenshot of two scenarios in the virtual environment. The left panel displays the interior of the huddle. The right panel displays
the participant receiving a yellow card. Both panels are screenshots of virtual environment displayed with a HTC Vive headset.
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Figure 4. Mean and standard deviation of pass accuracy gain
without time constraint between groups (CTRL, MI, VRMI).
Dots represent the individual gain according to the distance of
pass (10m, 15m and 20m). Black and white stars represent
significant different between groups (p < 0.05 and p < 0.01,
respectively). Black triangles represent significant different
compared to reference zero (p < 0.05).
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Figure 5. Effect of mental practice with and without virtual reality under time constraint. A. Mean and standard
deviation of pass accuracy during the pre-test according to the conditions (without and with time constraint) and the
distance from the target (10m, 15m and 20m). Dots represent the individual accuracy according to the groups (CTRL,
MI, VRMI). White star represents significant different between conditions (p < 0.01). B. Mean and standard deviation of
difference in pass accuracy with and without constraint for the pre-test (Delta pre) and the post-test (Delta post) for
only the distance of 20m. Dots represent the individual accuracy according to the groups (CTRL, M, VRMI).
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Figure 6. Vividness of motor imagery. Data presented as
mean and standard deviation for Ml and VRMI groups during
the practice session (S1, S2 and S3). Dots represent the
individual scores according to the groups practice (Ml and
VRMI). Black stars represent significant different between
practice sessions (p < 0.05).




