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Introduction: The purpose of this exploratory study was to examine the potential effects of virtual reality (VR) mental training, based on cognitive-behavioral (CB) techniques, on race preparation among long-distance recreational runners within a sports coaching context. Although VR interventions have shown promises for enhancing athletic performance, their integration with CB-based imagery and self-talk remains limited.



Methods: Using a single-subject A-B-A design, six recreational runners completed two races: a first race without mental training and a second race after a series of VR mental training sessions conducted alongside their usual physical training. Each participant used a VR headset equipped with an application that delivered strategy guidance (including pacing and drafting) while also targeting motivation through CB-based imagery and self-talk. Navigation occurred entirely in a virtual environment, with no physical movement. Background audio featured participant-generated self-talk statements. Performance data from VR sessions were recorded through log-file, and emotional responses were assessed with the Emotional Stress Reaction Questionnaire (ESRQ). Race outcomes were compared using smartwatch metrics and participant self-assessments (e.g., Likert scales and open-ended responses).



Results: Following CB-based VR training, most participants reported using pacing and drafting strategies more frequently during the second race. Self-talk frequency increased, and post-race questionnaires indicated higher motivation ratings. Smartwatch data suggested moderately enhanced pacing consistency compared to baseline for some individuals.



Discussion: These exploratory findings suggest that CB-based VR mental training might help the adoption of certain race strategies and encourage self-talk use withing a coaching context. Results from the study may serve as preliminary reference points for future research aimed at integrating VR tools into complementary coaching approaches.
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1 Introduction

Maximizing athletes' overall development is a crucial objective in many sports, including running, where sports coaching plays a core role. Emerging technologies provide new alternatives to enhance athletes' physical and technical profiles directly influencing their performance and modern coaching methodologies. Wearable devices, such as smartwatches, deliver real-time data on pacing, distance, and heart rate, helping runners and coaches identify areas for improvement and monitor progress in their physical and technical training. Running applications like Strava and Garmin Connect further utilize this data, making it more comprehensive and user-friendly. However, optimizing running performance also requires mental training, a critical focus area in sports coaching for holistic athlete development (1). Virtual Reality (VR) offers a promising avenue for this purpose. VR is a technology that generates computer-simulated environments, creating a compelling perceptual illusion and a sense of immersion that allows users to interact with objects and navigate the virtual space as if they were physically present (2, 3). This capability may make it applicable for implementing mental training by providing controlled scenarios where athletes could develop some essential skills. This approach, known as VR training, facilitates embodied simulations that represent and predict actions, concepts, and emotions (4). For runners, VR training could allow simulation of some running conditions, enabling practice in diverse environments aligned with specific coaching objectives, such as preparing for different scenarios and unlimited repetitions (5, 6).

Additionally, VR training could be valuable for training programs targeting skills that may be costly, impractical, or risky to practice in real-life settings, including sport (7). Besides environmental simulations, VR may also provide preliminary utility for training certain cognitive and mental skills, potentially offering additional dimensions for different sports (8).

The development of mental skills through VR training interventions typically considers both cognitive and behavioral elements (9). Cognitive behavior therapy is commonly defined as a structured, time-limited, and present-focused psychotherapeutic approach that seeks to address current difficulties by identifying and modifying maladaptive thoughts and behaviors (10). More broadly within clinical psychology, cognitive behavior therapy refers to a diverse coherent set of therapeutic techniques designed to promote changes in cognition and behavior (11). Beyond these two aspects, cognitive behavior therapy also considers affective and motivational responses influenced by external stimuli, such as emotionally charged words (12). A similar integrative approach is applied in sport psychology, where cognitive behavioral (CB) techniques serve as structured interventions within coaching practices. These techniques help athletes transform dysfunctional performance behaviors into functional ones through systematic training (13). Among CB techniques, two stand out for their relevance, frequent application in sport performance, and importance in coaching strategies: imagery and self-talk. Imagery involves the ability to adjust, generate or replicate mental scenarios from memory to achieve cognitive, emotional or behavioral effects (14). Self-talk refers to verbalized or internal dialogue that guide, motivate, and regulate an athlete's responses to events (15).

Previous research has indicated potential associations between VR training and outcomes such as strategic thinking, decision-making, adaptation to unexpected events, and psychological resilience in sport (16). In addition, findings from exercise settings have suggested that VR may also affect motivational responses, which play a role in maintaining training engagement (17). However, the integration of VR with CB-based techniques has received limited attention in the sport domain. This approach may offer opportunities to support both intrinsic motivation, conceptualized as engagement driven by inherent enjoyment and personal satisfaction (18), an important factor associated with athletic performance (19, 20), and the mental preparation of race strategy. Race strategy, which involves pre-planned elements for competitive preparation (21), comprises two key components: pacing, the regulation of running speed to optimize energy expenditure throughout a competition, leading to identifiable pacing profiles (22), and drafting, the tactical positioning behind other runners to minimize air resistance, with effectiveness dependent on spacing and formation among runners (23).

Despite sport coaches emphasizing the importance of motivation and race strategy preparation for athlete development and competitive success, existing training tools remain limited (1). Traditional mental training approaches (such as visualization journals, guided meditation, and in-person coaching sessions) offer some benefits but often lack immersion, engagement, and real-time feedback, constraining their effectiveness. VR-based tools emerge as a possible solution to address these gaps, enhancing scalability and real-time adjustments in coaching contexts. VR experiences can also provoke varying intensities and durations of emotional responses (both positive and negative emotions), a phenomenon known as emotional reactivity. Some evidence suggests that certain VR scenarios may trigger stress responses, defined as psychological or physical stimuli that disrupt homeostasis, which could potentially attenuate the intended benefits of such interventions (24, 25). This highlights the importance of evaluating emotional responses during the implementation of VR-based training.

To support the development of CB training tools in sports coaching and evaluate their impact on athletic performance, we created a CB-based VR application for runners. This application integrated imagery and self-talk to help athletes mentally prepare for races and strengthen their motivational mindset. The CB-based VR application did not require physical running or walking for virtual navigation. It used imagery through: (1) its cognitive function, enabling mental rehearsal of pacing and drafting to prepare for actual races, and (2) its motivational function, regulating arousal by familiarizing runners with race scenarios to manage emotional states (26). Similarly, self-talk was implemented through: (1) its instructional dimension, providing technical guidance with race strategy statements, and (2) its motivational dimension, fostering motivation through encouragement cues (15).

We conducted a study using a single-subject A-B-A design with six participants to explore the effects of CB-based VR training, delivered over multiple sessions with our VR-based application, on athletic performance. This design is an established approach in sports psychology for evaluating conventional CB techniques, with prior studies demonstrating its utility across diverse sports such as swimming (27), basketball (28, 29), and archery (30).

This empirical foundation supports its suitability for evaluating how a CB-based VR training may influence both performance and the psychological factors that support performance in runners.

Accordingly, our psychological assessment focused on three areas: (1) emotional reactivity, measuring potential stress responses to VR training; (2) changes in core mental toughness attributes, concentration (sustained focus during challenges), confidence (beliefs in one's abilities), and commitment (resilience to adversity) (31), to explore VR training potential contributions in these attributes; and (3) subjective race perceptions of the motivation, physical state and performance achievement, offering deeper insight into participants’ experiences.

This study was guided by these research questions (RQ's):


	•RQ1: How do participants execute the instructed race strategy pacing and drafting during their VR training with the CB-based VR application?

	•RQ2: How does the CB-based VR application influence participants' self-reported emotional reactivity during their VR training?

	•RQ3: How do VR training sessions affect participants' self-assessments of CB skills (imagery and self-talk), mental toughness attributes (concentration, confidence, and commitment), and subjective race perceptions (motivation, physical state, and performance achievement) in the next competition?

	•RQ4: How does the VR training influence participants' self-reported use of race strategy in the next competition?





2 The CB-based VR application


2.1 Foundation

The application of VR for mental training in sport, while innovative, builds upon a substantial foundation in clinical research. It is crucial to situate this work within the robust and well-established body of evidence demonstrating VR's efficacy in delivering psychological therapies, particularly cognitive behavioral therapy, for clinical populations. Decades of work with virtual reality exposure therapy has shown meaningful improvements in conditions such as anxiety disorders, phobias, and post-traumatic stress disorder by enabling individuals to confront challenging stimuli in a controlled and safe environment (32–36).

The novelty of the present research, therefore, lies not in the use of VR for psychological intervention in itself, but in its deliberate adaptation from a clinical context to a sport performance-enhancement domain.

While clinical VR primarily focuses on alleviating distress and supporting the restoration of functional levels, its use in sport psychology seeks to extend athletes' capabilities by targeting psychological elements (57, 58). This represents a significant shift in objectives, from remediation in clinical context to performance development in sport.

Furthermore, VR may offer transformative advantages over conventional sport psychology methods, including dynamic simulations of competitive environments and the potential for scalable, standardized interventions that overcome typical logistical and accessibility constraints. However, potential issues such as cybersickness, which is a visually induced form of motion sickness that occurs during exposure to virtual environments and is characterized by symptoms such as nausea, disorientation, and dizziness (37), must be mitigated. There is also a risk of oversimplifying the multifaceted, relational practice of sport psychology into a technological fast solution, which would fail to capture the field's inherent complexity.



2.2 Implementation

The VR application used in this study builds upon a previous user experience study (38). Based on those findings, we addressed issues such as flickering and symptoms of cybersickness. We also tested arm swinging as alternative navigation method but ultimately retained thumbstick-based movement as the most suitable solution for this research context.

The CB-based VR application was developed in Unity for the Meta Quest 2 VR headset and delivered entirely in English. We used the CityGen3D editor for Unity to generate city streets for some VR scenes, created the avatar's voice using a text-to-speech voice generator with an “excited” voice style, and applied Unity's built-in rendering pipeline to develop the VR application. The application was installed on the Meta Quest 2, featuring a resolution of 1,832 × 1,920 pixels per eye, a 90 Hz refresh rate, and a 90-degree field of view. Audio was delivered through the Meta Quest 2's integrated headphones. To use the application, participants needed to stand up within a virtually delimited boundary. Navigation in the virtual environment was controlled by pushing the left thumbstick in the desired direction (no physical running or walking was required). Rotation was achieved by turning either their head or entire body, depending on their preference.


2.2.1 The VR environment

The VR environment featured three distinct types of scenes: setting, coaching, and competition.


	Setting scene: This unique scene allowed participants to establish their initial running speed, reflecting the pacing they aimed to maintain during a race, which then served as a reference for their VR training.

	Coaching scenes: There were five coaching scenes, each featuring a virtual coach that provided encouragement, guidance and essential instructions for the upcoming competition scenes. Afterward, participants proceeded to the next scene.

	Competition scenes (See Figure 1): There were four competition scenes, each representing common stages of a race: start, first half, second half, and end. Each scene features virtual non-playable runners. However, their number gradually decreased to simulate the natural reduction in visible competitors commonly observed as a race progresses. During these scenes, participants could adjust their pacing by using a button in the right controller. The virtual coach provided voice guidance but was not visually present. Each competition scene incorporated background music and personalized self-talk (See Educational Phase Section). The background music played continuously, while the self-talk repeated after the coach delivered an instructional and motivational speech. Upon reaching a specific position within each scene, participants were automatically transitioned to the subsequent coaching scene.




[image: A virtual running scene with several avatars jogging along a tree-lined street. A Heads-Up Display (HUD) overlay shows metrics: pacing at five minutes per kilometer, energy at one hundred percent, and drafting status with a thumbs-up. The message \"You can do it!\" and \"Unused Booster\" are displayed.]
FIGURE 1
Competition scene 2 displaying drafting spots in yellow circles. The HUD is shown in an enlarged view in the top-right corner. It provides information on participants’ pacing, energy, drafting status, booster status, and stage-specific self-talk.


A Heads-Up Display (HUD) (see Figure 1) was integrated into all competition scenes, serving as a central interface that provided participants with immediate performance indicators and status updates. The HUD showed the pacing level, which indicated participants' pacing within the virtual environment, and the energy level which reflected their remaining energy reserves. It also included the booster status, which, when activated, elevated participants' pacing to a maximum of 2:30 min/km for a unique duration of 30 s. After activation, pacing sharply declined with no opportunity for recovery during the ongoing session. The drafting formation status (only in competition scenes 2 and 3) represented the effectiveness of participants' drafting formation. The self-talk feature offered individual affirmations to remember or internalize during specific scenarios and was available in all competition scenes.

Figure 2 illustrates the sequential arrangement of virtual scenes in the CB-based VR application. The VR application maintained fixed scene features throughout the study, ensuring all participants experienced identical and repetitive training scenarios without performance-based adaptations. Detailed descriptions of each scene are provided below.


[image: Flowchart depicting a series of scenes: Setting Scene, Coaching Scene 1, Competition Scene 1, Coaching Scene 2, Competition Scene 2, Coaching Scene 3, Competition Scene 3, Coaching Scene 4, Competition Scene 4, and Coaching Scene 5. Each competition scene features runners participating in a race, and coaching scenes are marked with an icon of a coach. Arrows connect each step.]
FIGURE 2
Sequence of scenes in the CB-based VR application.



2.2.1.1 Coaching scene 1

In this scene, the virtual coach emphasized the dual importance of mental and physical training in race preparation. The coach also mentioned that visual and auditory cues would be provided throughout the scenarios to sustain motivation and signal the implementation of a race strategy. Additionally, it encouraged staying relaxed and focused on the start of the race, using a conservative pacing to manage energy efficiently, and employing self-talk to maintain motivation. Participants had to cross a door to proceed to the next scene.



2.2.1.2 Competition scene 1

This scene simulated the start of the race, where participants competed against 52 virtual runners, all awaiting the countdown gunshot to begin. The virtual coach emphasized that the real challenge is finishing the race with resilience, not just starting it fast. Moreover, it advised participants to focus on running their own race, adjusting and maintaining a steady pacing, aiming for their personal average pacing or slightly slower.



2.2.1.3 Coaching scene 2

In this scene, the virtual coach explained drafting as a strategy to reduce wind resistance by positioning oneself behind other runners. The coach introduced two common drafting formations: Formation-1 involves standing behind another runner at approximately 1.2 meters, and Formation-2 involves positioning oneself equidistantly between two runners, each 1.2 meters away. Participants were instructed to try these formations in the next competition scene. They would receive one thumb-up for successfully executing Formation-1 and two thumb-ups for Formation-2, reflecting the effectiveness of each formation. To help participants achieve the correct position for Formation-2, the virtual coach mentioned that glowing circles between two virtual runners would indicate where they should position themselves. A whiteboard on the left side of the coach summarized the formations and their score system. Finally, participants were encouraged to rely on their positive self-talk and interrupt potential negative thoughts. This was simulated by shattering virtual glass panels displaying these thoughts. Breaking the panels not only cleared their path in the virtual environment but also symbolized overcoming mental barriers through the VR experience.



2.2.1.4 Competition scene 2

This scene simulated the first half of the race, where participants competed against 20 virtual runners. The virtual coach encouraged them to identify opportunities to overtake slow runners and to do so steadily and confidently using drafting. In this scene, the glowing circles for Formation-2 were visible (see Figure 1). The coach also emphasized the importance of saving energy for the final push by employing both drafting and pacing.



2.2.1.5 Coaching scene 3

In this scene the virtual coach announced that the next scene would be the second half of the race, focusing on drafting skills once again. This time, participants would rely on their own judgment without markers or hints. The coach expressed strong confidence in the participants' ability to handle this challenge. Motivational quotes were displayed within the virtual environment to inspire participants and boost their motivation.



2.2.1.6 Competition scene 3

This scene simulated the second half of the race, where participants competed against eight virtual runners. The virtual coach emphasized that determination and commitment are especially crucial at this stage due to the inevitable fatigue. Besides, it advised participants to stay motivated and maintain effective pacing and drafting.



2.2.1.7 Coaching scene 4

In this scene, the virtual coach informed participants that the final part of the race was next, encouraging them to take on this ultimate test and prove their readiness. To go to the final scenario, participants had to walk up a spiral ramp, punching through virtual glass panels displaying negative thoughts, symbolizing the act of overcoming doubts.



2.2.1.8 Competition scene 4

This scene recreated the end of the race (the last 400 meters), where participants competed against three virtual runners. The virtual coach emphasized that this is the moment to strive for a personal best or top finish. While acknowledging the physical pain and exhaustion, the coach stressed that these would be temporary, but the memory of pushing limits and performing at one's best would last forever. The coach also highlighted that the smart pacing and drafting strategies used earlier would soon pay off. Upon crossing the finish line, participants were shown their position (ranging from first to fourth place).



2.2.1.9 Coaching scene 5

In this scene, the virtual coach congratulated participants on completing the mental training session and encouraged them to apply the training in upcoming running competitions. The coach accentuated that mental training requires as much dedication as physical training. Finally, it provided instructions on how to exit, power down and recharge the VR headset, and reminded participants to fill out the study questionnaires. After leaving this scene, the setting scene reappeared.




2.2.2 Log file

The application automatically generated or updated log files, recording scenes start and end times, participants' pacing, drafting scores, and VR training session timestamps. To prevent unauthorized modifications, the file was kept hidden and accessible only to members of the research team after the headsets were returned.





3 Methods

This section describes the recruited participants, procedure, materials, and open-ended data analysis.


3.1 Participants

This study included six participants (five men and one woman) from different nations, who were recreational regular runners of 5 km or longer races. Participants were between 26 and 35 years old and had an average of 5.5 years of running experience. Recruitment was voluntarily and based solely on participants' availability and willingness to complete the study, without restrictions regarding gender, age, education, or other criteria. No additional data were collected on professional background information or institutional affiliation.

All participants reported being aware of VR technology, though none were regular users. Recruitment was conducted through direct outreach and referrals (including contacts of the researchers and their acquaintances), rather than through institutional channels or online forums. Before enrollment, all participants were informed about the study's purpose and duration. The study was conducted in accordance with our research project's ethical declaration and was approved by the authors’ institutional ethics committee.



3.2 Procedure

This study, employing a single-subject A-B-A design (39), was structured into five consecutive phases: first race phase, educational phase, on-boarding phase (collectively forming the pre-intervention stage, A), VR training phase (the intervention stage, B), and second race phase (the post-intervention stage, A). The entire study spanned approximately four weeks, with scheduling adjusted to accommodate each participant's availability. As two participants lacked prior experience with smartwatches, they were provided with the devices (see Devices section) and received instructions on their operation to track their physical running performance.


3.2.1 First race phase

This phase aimed to collect baseline data on participants' running performance prior to any mental VR training intervention. Each participant selected an official running race (first race or race 1) of their choice, ranging between 5 and 10 km. This range was chosen to compare training demands across participants, while also accommodating the practical constraint that identical race distances were rarely available within the study variable timeframe. Before the race, participants completed the Emotional Stress Reaction Questionnaire (ESRQ) (40). They then recorded their performance using a smartwatch, starting at the race's official start line and stopping at the finish. After finishing, participants completed the ESRQ again along with the Post-Race Questionnaire (PRQ) (See Self-assessment tools section). This phase therefore included the race itself and the completion of the questionnaires, all conducted on the same day.



3.2.2 Educational phase

In this phase, the researcher provided only a concise introduction to the concepts of imagery, self-talk, and general running strategy, while deliberately excluding specific techniques like pacing and drafting. The aim was to give participants preliminary awareness rather than in-depth instruction or practice. The core intervention, where these concepts are contextualized and reinforced using VR, occurs in VR Training Phase. In the case of self-talk, participants received a collection of motivational self-talk phrases, to inspire their own creation of personalized self-talk statements for each race stage. These statements were designed to be concise, meaningful, and tailored to the specific demands of each stage. The entire phase lasted approximately one hour.



3.2.3 On-boarding phase

During this phase, participants were instructed to independently use the VR device and its dedicated application for virtual training. The researcher provided a manual detailing the procedures for powering on, configuring, and shutting down the VR device, as well as accessing the VR application. Participants reviewed the manual and attempted to follow the instructions independently while the researcher remained available for assistance. Participants practiced the outlined steps repeatedly until they could operate both devices and applications without guidance. A copy of the manual was provided to each participant for future reference. The duration of this phase varied by individual, lasting between one and two hours.



3.2.4 VR training phase

During this phase, participants independently trained race strategy (including pacing and drafting) and motivation using the VR application at home. They were required to complete a minimum of nine VR training sessions over three weeks. A VR training session was defined as the completion of all scene sequences within the VR application and lasted between 15 and 20 min, depending on the participant's interaction within the VR environment. For this phase, all participants received enough printed copies of the ESRQ, which they were instructed to complete before and after each session. Participants were asked to follow their regular physical training program alongside this VR training.



3.2.5 Second race phase

This phase aimed to assess participants’ running performance after completing the VR training. Each participant selected a second official race (or race 2) between 5 and 10 km. As in the first race, participants first completed the ESRQ, then recorded their performance using a smartwatch from the official start line to the finish. After the race, they again completed the ESRQ along with the PRQ.

Figure 3 provides an overview of the study phases, including their corresponding timeline and activities.


[image: Phases, timeline, and activities of a study in five phases: First Race (1 day) involves completing an Emotional Stress Reaction Questionnaire (ESRQ), running a real-world race, and recording data. Educational phase (1 hour) provides self-talk and running strategy overview. On-boarding (1-2 hours) includes VR device training and manual provision. VR Training (∼3 weeks) requires at least 9 sessions at home, sessions last 15-20 minutes with ESRQ completion. Second Race (1 day) repeats first race activities with data recording and questionnaire completion post-race. The study is cognitive behavioral based, with pre-intervention, intervention and post-intervention stages.]
FIGURE 3
Phases, timeline and activities of the study.





3.3 Materials


3.3.1 Devices

Each participant received and used the Meta Quest 2, an all-in-one VR headset that offers full motion freedom and a high-resolution display. Participants who owned smartwatches used them to collect their running data, while those without smartwatches were provided with TicWatch devices.

The Strava application was chosen for its intuitive design, global use, and familiarity among some participants. It enabled the recording of parameters for evaluating participants' physical race performance, such as pacing and positions. After each race, participants stored this data and later shared it with the researchers.



3.3.2 Self-assessment tools

Participants completed two self-assessment tools in English:


	Emotional Stress Reaction Questionnaire (ESRQ) (40): This questionnaire comprises 14 questions on a 4-point Likert scale and was answered by participants before and after each VR training session, as well as before and after both actual races. Its purpose was to obtain the ESRQ-appraisal index, providing a snapshot of participants' emotions before and after their activities.

	Post-Race Questionnaire (PRQ): Adapted from the Post-Event Reflection Tool (41), this questionnaire was modified to align with the objectives of our study. It includes 32 open-ended questions, and seven items rated on a 10-point Likert scale (see Supplementary Material). The PQR assessed participants' evaluations of their performance and their impressions of key metrics throughout race stages (start, first half, second half, and end). The metrics included general impression, physical perception, motivation, self-talk, drafting, and pacing.






3.4 Data analysis of open-ended responses

For the open-ended responses, we employed an inductive content analysis following a three-phase coding process (42, 43). First, raw open-ended responses were systematically organized according to the relevant metric and race stage. Next, content analysis was used to identify key descriptive words and phrases that reflected participants' meaning while preserving the integrity of their original statements. Finally, these descriptive elements were synthesized into concise coded categories that captured the essential qualitative insights in a clear and structured format.




4 Results

Table 1 presents the completed VR training sessions along with race metrics (distances, times and average speeds) for each participant (P). While P4 reported completing nine sessions, the VR device log files contained no recorded data, likely due to a malfunction. As a result, P4's VR session data is missing. However, P4 successfully completed all questionnaires and both races.



TABLE 1 VR training sessions & races metrics per participant.



	P
	Gender
	VR training sessions
	Race 1 (distance, time & average pacing)
	Race 2 (distance, time & average pacing)



	km
	min:s
	km/h
	km
	min:s
	km/h





	1
	Male
	9
	5.4
	27:16
	11.9
	4
	24:56
	9.5



	2
	Male
	10
	5
	34:50
	8.4
	5
	35:57
	8.4



	3
	Male
	9
	10.2
	53:32
	11.5
	10
	53:47
	11.2



	4*
	Male
	9
	9
	55:15
	9.8
	4.9
	28:29
	10.2



	5
	Female
	10
	5.3
	37:10
	8.6
	5
	36:13
	8.2



	6
	Male
	10
	9.5
	41:38
	13.7
	5.4
	22:57
	14.1




	*Missing VR session data for this participant.








4.1 VR training session performance: log file data

In the following two sections, we present the results of our analysis of the participants' log file data addressing RQ1.


4.1.1 VR pacing

For each VR training session, the average pacing for all four competition scenes was calculated, converted to km/h, normalized, and plotted to identify characteristic pacing profiles.

Afterward, a total of 20 distinct pacing profiles were identified among all participants' VR training sessions (see Supplementary Material). Although each participant exhibited a unique set of profiles, certain patterns were more common, appearing in at least three different VR sessions across participants. The eight most frequently occurring normalized profiles are displayed in Figure 4. For instance, Profile D shows that the pacing in scene 1 was faster than in scenes 2 and 3 (with scene 3 faster than scene 2), but slower than in scene 4. In contrast, Profile F indicates a progressive increase in pacing across scenes, with scene 4 ultimately showing the fastest pacing.


[image: Bar charts comparing normalized pacing across four scenes for eight different profiles. Each profile shows variations in data values for scenes one through four. Profiles A to H display distinct pacing patterns with values ranging from approximately 0.42 to 0.64. The color intensities represent different scenes, with scene four generally having the highest value in most profiles.]
FIGURE 4
Most frequent normalized VR pacing profiles across Participants’ VR training sessions. The number within each bar indicates the normalized value of the scene's pacing.




4.1.2 VR drafting

To evaluate VR drafting, we used the Drafting Formation Score (DFS). This score was calculated by summing the total points participants earned for positioning themselves in Formation-1 and Formation-2 (See Coaching Scene 2 section) during competition scenes 2 and 3. Participants had to maintain the correct formation for at least three seconds for the points to be counted. High DFS values indicate frequent engagement in drafting during VR training sessions. Figure 5 presents participants’ DFS results for each VR training session, revealing that most achieved their highest DFS values during sessions 4, 5, and 6 (peak performance). P1 obtained the highest overall DFS. P3 and P6 also exhibited relatively high engagement, with several high-scoring sessions. In contrast, P2 showed inconsistent performance, alternating between high and low DFS scores. P5 had the lowest overall engagement, with multiple near-zero scores, except for a few sessions of moderate improvement. Additionally, some participants, such as P2 and P6, had a decline in DFS after reaching their peak performance.


[image: Five line graphs depicting drafting formation scores over nine or ten VR training sessions for participants labeled P1, P2, P3, P5, and P6. P1, shown in blue, has a generally increasing trend with fluctuations. P2, in teal, peaks at session four then declines. P3, in gray, has initial growth, followed by variation. P5, in purple, remains near zero initially, then begins to growth at session five. P6, in orange, remains flat then increases sharply at session four. Each graph has scores on the vertical axis and sessions on the horizontal axis.]
FIGURE 5
Participants’ drafting formation scores for each VR training session.





4.2 VR training session performance: ESRQ-appraisal Index data

To examine the influence of the VR application on participants' emotions (RQ2), we calculated the difference between the ESRQ-appraisal index after and before each VR training session. While the suitability of this metric for direct comparison is undefined, we computed it and referred to it as the ESRQ-Appraisal Index Difference (AID). The total summatory of all AID values for each participant was then obtained. Figure 6 shows participants' AID results for each VR training session. P2 and P3 exhibited the most consistent positive AID values, whereas P4 showed the most significant negative values. Overall, almost all participants had a positive or near-zero total AID summatory throughout their whole VR sessions.


[image: A heat map and line graphs detail AID values across multiple sessions for six participants. The heat map shows AID scores from Sessions 1 to 10, with a total summary column. Line graphs below illustrate individual AID value trends for participants P1 to P6 over VR training sessions, each graph in distinct colors. The mean and standard deviation for each session are noted below the heat map.]
FIGURE 6
Participants’ appraisal Index difference (AID) across VR training sessions. (Top) Participants’ AID per VR Training Session and Their Corresponding Total Summatory. VR Training Session-wise Means (M) and Standard Deviations (SD). Color-Coding: Warmer greens = higher positive AID, deeper browns = lower negative AID (5-step color scale). (Bottom) Session-Based Visualization of the Participants’ AID Data Presented in the Top Panel.




4.3 Race performance: self-assessment data results

This section outlines participants' self-assessment responses for both races.


4.3.1 ESRQ-appraisal index difference for races

The AIDs for each participant's two races were calculated and are shown in Figure 7. This data was analyzed to partially address RQ3. In race 1, most participants had a positive AID, except for P4 and P5, who had negative values (−3 and −11, respectively). In race 2, most participants also experienced a positive AID, though P4 remained unchanged. Notably, P3 and P6 consistently had positive emotional responses after both races. P5, who had a low AID in race 1 (−11), improved significantly in race 2 (+3). On average, participants showed a higher AID in race 2 (M = 2.50, SD = 1.50) compared with race 1 (M = −0.33, SD = 5.41).


[image: Bar chart showing appraisal indices for six participants before and after two races, with AID values. Participants are labeled 1 to 6, with indices and AIDs depicted in different colors. The side panel includes means and standard deviations for each category.]
FIGURE 7
Participants’ appraisal Index difference (AID) for races.Color-Coding: Blue = pre-race appraisal index, Green = post-race appraisal index, Orange = AID for the race.




4.3.2 PRQ-likert-scale questions

These questions provided insights into concentration, confidence, commitment, self-talk, imagery, motivation and race performance, thus partially addressing RQ3. The results of these metrics are presented in Figure 8. Based on these results, we highlight that P1 and P4 maintained high scores in multiple metrics in both races. P5 stood out with the most improvement across all metrics. Additionally, most participants showed improvement in metrics like concentration, self-talk, and imagery in race 2. However, a few participants experienced declines in specific metrics, such as P1 in race performance, and P4 in motivation.


[image: Bar chart comparing Race 1 (blue) and Race 2 (orange) across six psychological factors: Concentration, Confidence, Commitment, Self-Talk, Imagery, Motivation, and Race Performance for participants P1 to P6. Each factor shows individual and average scores, with Race 2 generally scoring higher. Statistical data includes means and standard deviations for each factor under Race 1 and Race 2 at the bottom.]
FIGURE 8
Results of the PRQ Likert-scale questions for races, including their means (M) and standard deviations (SD).




4.3.3 PRQ-open-ended questions

In this section, the following metrics are reported: physical perception (RQ3), motivation (RQ3), self-talk (RQ3), pacing (RQ4), and drafting (RQ4).


4.3.3.1 Physical perception

Regarding physical perception of the participants, we sorted their responses into three distinct groups: a) positive physical perception, b) negative physical perception, with the associated challenge or issue in parentheses, and c) ambivalent physical perception, with the associated challenge or issue in parentheses. Table 2 shows that most participants (except P1) felt good or fine at the start of both races. Aside from P1, participants reported feeling the same or better during the first half of race 2 compared to race 1. The second half and end of both races were the most physically demanding stages, with common challenges including tiredness, leg discomfort and overheating.



TABLE 2 Participants’ physical perception across race stages.



	P
	Race
	Start
	1st half
	2nd half
	End





	1
	1
	Good
	Good
	Good
	Great



	2
	Bad (legs no reacting)
	Fine (25% better)
	Bad (tiredness)
	Good



	2
	1
	Good
	Fine (overheated)
	Fine (overheated & tired)
	Bad (tiredness)



	2
	Fine (leg pain)
	Fine (leg pain)
	Fine (tired & overheated)
	Bad (high tiredness)



	3
	1
	Fine (a bit overheated)
	Good
	Bad (overheated)
	Fine (tired)



	2
	Good
	Good
	Bad (overheated)
	Good



	4
	1
	Great
	Great
	Bad (increasing tiredness)
	Bad (high tiredness)



	2
	Fine (lacking sleep)
	Good
	Bad (high tiredness)
	Bad (high tiredness)



	5
	1
	Good
	Fine (a bit tired)
	Bad (abdominal pain)
	Bad (tiredness & leg pain)



	2
	Great
	Great
	Very bad (tiredness, nausea, rapid breathing)
	Bad (less tiredness than before)



	6
	1
	Fine (overheated)
	Fine (tired & overheated)
	Bad (tiredness & overheated)
	Bad (tiredness and overheated)



	2
	Good
	Fine (high heart rate
	Bad (heavy legs)
	Bad (heavy legs & high heart rate)




	Color-Coding: Green = Positive physical perception, Blue = Negative physical perception with the associated challenge or issue in parentheses, Yellow = Ambivalent physical perception with the associated challenge or issue in parentheses.









4.3.3.2 Motivation

Table 3 presents the participants' responses on motivation across the races. We categorized these responses into three distinct groups: a) positive motivation, b) neutral or strategic focus, and c) low motivation or challenges. In the first half of both races, all participants reported sustained motivation, primarily by focusing on pacing, competition, or personal achievement. By the second half, however, nearly half experienced a decline, commonly attributed to fatigue, loss of drive, or a general sense of discouragement. P4 and P5 struggled to maintain motivation in the latter stages of both races. P3 and P4 reported intentionally applying VR strategies to enhance motivation; however, P4 continued to experience challenges in sustaining motivation despite using them. P1, P3, and P6 consistently maintained high motivation throughout both races, whereas others, such as P4 and P5, experienced difficulties.



TABLE 3 Participants’ motivation factors across race stages.



	P
	Race
	Start
	1st half
	2nd half
	End





	1
	1
	Keep a controlled pacing
	Keep a controlled pacing
	Keep a controlled pacing
	Keep training for next races



	2
	Overcome the fatigue from previous competitions, set a good time
	Keep a controlled pacing, avoid injuries
	Set a good time
	Finish the race



	2
	1
	Competitive drive
	Competitive drive
	Finish the race
	Finish the race



	2
	Set a good time
	Conserve energy
	Keep a controlled pacing
	Recover lost time



	3
	1
	Have a good performance after harder races
	Have a good performance after harder races
	Competitive drive
	Set a new personal best time



	2
	Evaluate the VR strategies
	Keep a controlled pacing
	Keep a controlled pacing
	Give all I had left



	4
	1
	Keep a controlled pacing
	Competitive drive
	Loss of motivation
	Low motivation



	2
	Evaluate the VR strategies in the race
	Achieve a good time by using VR strategies
	Unmotivated because of tiredness
	Finish the race



	5
	1
	Competitive drive
	Competitive drive
	Unmotivated as many people overtook me
	Finish the race



	2
	Competitive drive
	Competitive drive
	Competitive drive but highly tired
	Finish the race



	6
	1
	Set a new personal best time
	Set a new personal best time
	Set a new personal best time
	Set a new personal best time



	2
	Set a good time after being sick
	Keep the good start of the race
	Finish the race
	Keep the race position




	Color-Coding: Green = Positive motivation, Blue = Neutral or strategic focus, Yellow = Low motivation or challenges.







By comparing the motivators mentioned by the participants at different stages of their races, we found that pacing, time goals, competitive drive, and personal achievement were strong motivators for most, particularly at the start and during the first half of the races.



4.3.3.3 Self-talk

Table 4 presents the most significant features of self-talk utilized by participants across races. We classified them as instructional and motivational. All participants used self-talk during the second race, with most (five participants) incorporating similar versions or segments of the self-talk they heard during the VR training phase and applying them at the corresponding stage of the second race. In both races, self-talk in the second half mainly focused on overcoming fatigue or challenges (e.g., “You can do it”), while toward the end, it served as motivation for a strong finish (e.g., “Almost there”).



TABLE 4 Participants’ self-talk application across race stages.



	P
	Race
	Start
	1st half
	2nd half
	End





	1
	1
	Run slowly
	Keep it up
	Keep it up
	You did it



	2
	Don't stop, you are a machine
	Don't stop, you are a machine
	Go to the end
	You did it



	2
	1
	Here it goes
	No self-talk
	Focus on breathing
	Almost there



	2
	Focus on breathing
	Focus on breathing
	Focus on breathing
	Almost there



	3
	1
	No self-talk
	Keep pacing
	Keep going through fatigue and heat
	Keep pushing, you are in a good rhythm



	2
	Keep calm, keep pacing
	Run smart, keep it up
	It will be over soon!
	Finish strong



	4
	1
	No self-talk
	Overtake or lose
	Almost done, keep the pace
	Overtake this person! final stretch



	2
	Take it easy
	Take it easy, stay behind
	You can do it!
	Overtake this person!



	5
	1
	I can do it
	Less than when I started
	Almost there! You can do it
	Almost there!



	2
	Slowly, on my rhythm
	Slowly, on my rhythm
	Less than when I started, let's go
	Overtake the person in front!



	6
	1
	Keep pacing and breathing
	Slow down a bit
	Jesus, help me
	Get through it



	2
	Keep calm, keep the pacing
	Slow down a bit
	Focus on yourself, keep a good technique
	Almost there, give your best




	Color-Coding: Blue = Instructional self-talk, Green = Motivational self-talk.







In race 1, participants used motivational self-talk more frequently than instructional self-talk (14 vs. 7 instances). By race 2, this pattern shifted, with instructional self-talk becoming more prevalent (14 instances vs. 10 instances). In both races, motivational self-talk remained common in later stages, particularly at the end, while instructional self-talk was more common in the early and middle stages to make decisions (“Overtake”) and regulate pacing or drafting (e.g., “Take it easy, stay behind”).



4.3.3.4 Drafting

In race 1, P2, P3, P4, and P5 explicitly stated they had no understanding of drafting, while P1 and P6 had some knowledge but did not apply. After their VR training sessions, all participants reported using drafting in race 2 (Table 5). Drafting was most common at the start and the first half, with five out of six participants reported applying it at the start and all using it in the first half. However, its use declined in the second half, with only P1, P2, and P5 attempting but failing to sustain it. By the race' end, drafting significantly decreased, with only P2 and P5 maintaining it until the end. Overall, all participants reported attempting or applying drafting at some point in race 2, primarily in the start and first half. The most mentioned reason for failed drafting attempts was the absence of nearby runners.



TABLE 5 Participants’ Use of drafting across races stages.



	P
	Race
	Start
	1st half
	2nd half
	End





	1
	1
	No drafting



	2
	Used
	Used
	Used
	Attempted



	2
	1
	No drafting



	2
	Used
	Used
	Attempted
	Used



	3
	1
	Not drafting



	2
	Used
	Used
	Attempted
	No drafting



	4
	1
	No drafting



	2
	Used
	Used
	No drafting
	No drafting



	5
	1
	No drafting



	2
	Used
	Used
	Attempted
	Used



	6
	1
	No drafting



	2
	No drafting
	Used
	Used
	Attempted









4.3.3.5 Pacing (self-reported and smartwatch data)

Table 6 presents participants’ self-reported pacing data (categorized as slow, controlled and fast) across race stages, alongside plots of their filter pacing data (using a moving average filter with a window of 15 distance units, km) obtained from the Strava application on their smartwatches. The self-reported pacing data partially addressed RQ4 by assessing the possible influence of the VR training in the use of race strategy.



TABLE 6 Participants’ pacing across race stages.



	[image: image]







In race 1, all participants reported knowing the concept of pacing. Regarding the self-reported pacing data, most participants indicated maintaining a “controlled” pacing during segments of the race and finished strongly. P2, who reported starting race 1 with a “slow” pacing and finished similarly, mentioned adopting a more aggressive strategy in race 2 by starting “fast” and adjusting pacing strategically. P5, who reported inconsistent pacing in race 1, indicated having better control in race 2, starting with a “controlled” pacing and maintaining it through the first half. Unlike race 1, P3 and P6 reported a slowdown in the second half and toward the end of race 2.

Participants' smartwatch data showed variations in pacing across both races. In race 1, P1 started fast but faded, whereas in race 2, a more stable initial pacing was maintained. P2 transitioned from a steady pacing with a final sprint in race 1 to a more even pacing with a slight acceleration in race 2. P3 maintained a stable pacing in both races with a stronger final sprint in race 2. P4 showed consistent pacing across both races with minor adjustments. P5 slightly improved energy management in race 2, maintaining a more stable pacing at the start and first half. P6 showed a slightly better initial pacing in race 2 and finished stronger. Overall participants demonstrated improved pacing, or stronger finishes in race 2 compared to race 1. Those who struggled with early pacing in race 1 adjusted in race 2, while those who had already paced well maintained it.

When comparing self-reported data with its smartwatch counterpart, some discrepancies emerge due to fluctuations that categorical description fail to capture. For example, in race 2, P3 described the second half as “slow”, but the plot indicates a relatively stable pacing trend. Similarly, P6's race 2 plot shows greater variability than the “slow” labels suggest, particularly in the first half. In P2's case, while the “slow” label at the start aligns with the plot, the “fast” label in the second half does not match with the plot's variability.






5 Discussion

After employing a single-subject A-B-A design across recreational runners to evaluate the impact of our CB-based VR training, we address the research questions and cautiously discuss our exploratory findings.

Regarding RQ1, all participants (recreational runners) executed the instructed race strategy during VR training through a dynamic learning process, as reflected in trends in both VR pacing and VR drafting performance. In early sessions (1–3), variability in pacing profiles indicates experimentation with different pacing options, engaging in a trial-and-error process as they adapted to the VR environment and learned pacing control. By mid-to-late sessions (4–9/10), VR pacing becomes more consistent, suggesting that participants may have internalized a preferred, personalized pacing profile in the virtual environment, aligned with their cognitive responses.

For VR drafting, peak performance observed in sessions 4–6 (as reflected by high DFS values) suggests participants effectively applied drafting strategies during this period, likely due to heightened engagement and focused coaching-driven practice on formation adherence. Together, these trends in VR pacing and VR drafting may point to a plausible four-session learning benchmark for race strategy mastery within the VR training. However, declining scores in later sessions also imply challenges in sustaining this execution. Potential contributing factors include changes in motivation, shifts in attention (e.g., exploring the virtual environment), or cognitive overload from balancing pacing and drafting, factors that have been noted in previous literature (44–46). Therefore, this highlights that while participants may initially master VR drafting, preserving this skill with precision over time could require a more adaptive virtual training design, rooted in coaching methodologies, that could dynamically adjust as DFS values decline in order to sustain participants' engagement.

For RQ2, regarding the impact of the CB-based VR application on participants' self-reported emotional reactivity during the VR training phase, our exploratory results indicated a moderate positive effect, though individual responses varied. In many cases, self-reported emotional states showed improvement over sessions, possibly reflecting some degree of adaptation or increased confidence with repeated VR exposure. This pattern, however, was not consistent across all participants (recreational runners); in two cases, emotional reactivity changes appeared minimal or negligible. Such variability may relate to individual factors affecting responsiveness to VR training, including the timing of VR training sessions or differences in fatigue levels (47, 48).

Regarding RQ3, VR training sessions appeared to relate to changes in participants' self-assessments of psychological factors, as reflected by shifts in emotional reactions, CB skills, mental toughness attributes and race perceptions. For CB skills, participants reported perceived gains in imagery and, particularly, self-talk during race 2, as shown in PRQ Likert-scale responses. All participants noted some use of self-talk in their second race, with a greater reported frequency of instructional self-talk compared to race 1, a finding complemented by open-ended responses. These observations may indicate that the CB-based VR training may have supported an increased use of self-talk in the second race, although the extent of its influence remains uncertain. Prior VR research has shown that immersive, repeated practice environments can foster the adoption of self-talk strategies and enhance their integration into performance contexts (48, 49).

Mental toughness attributes, such as confidence and commitment, showed mixed patterns highlighting possible areas for more targeted coaching in future program designs. Perceptions of motivation revealed two general trends: most participants began race 2 with heightened strategic focus or positive motivation, this often declined in later stages due to physical fatigue, a pattern also observed in race 1. PRQ open-ended responses identified tiredness as a primary factor in this decline, aligning with physical perception metric.

For RQ4, based on the reported data, VR training appeared to influence participants' self-reported use of running strategy in the second race. For pacing, self-reported data from PRQ-open-ended questions indicated that most participants, who were recreational runners, perceived themselves as maintaining a “controlled” pacing across both halves of the races with a “fast” finish. However, smartwatch metrics suggested that some participants exhibited slightly more consistent pacing in race 2, with fewer abrupt speed fluctuations compared to race 1.

Self-reported use of drafting strategies showed a more noticeable shift. While drafting was largely unknown or unused in race 1, by race 2 participants reported applying drafting technique in at least two race stages, including at the start and finish, despite these phases not being explicitly emphasized in the VR training phase. This may indicate that VR training played a role in the adoption of the drafting technique. Considering the limited scope and single-session format of the educational phase, it seems plausible that the structured, multi-session VR training phase contributed substantially, nevertheless the relative influence of each phase cannot be determined with certainty. For the parts where participants applied drafting in race 2 that were not explicitly trained in the VR training phase, this may reflect their ability to generalize principles learned in VR or adopt strategies based on perceived performance benefits during competition. This aligns with previous VR research showing that athletes can transfer learned skills to real-world contexts, even in scenarios not directly trained in the virtual environment (16).

This study acknowledges several limitations that constrain the generalizability of its findings and the ability to isolate specific effects, which are to be expected in single-subject design studies (50). The small participant cohort, consisting of only recreational runners and further reduced by missing data for one individual and an unbalanced gender distribution, restricts the breadth of general conclusions that can be drawn. Race performance is also inherently multifactorial, influenced not only by mental aspects but also by physical, technical, and body awareness factors (1), as well as nutrition, weather, terrain, and injury status (51–54). Methodological constraints, including variability in training schedules, the suitability of the self-assessment tools and the participant recruitment employed, and differences in race distances for some participants, add further complexity. Additionally, the audio component, particularly background music and the coach's emphasis on mental training in the final scene, may have influenced participants' motivation scores. Consequently, it is challenging to precisely attribute performance outcomes solely to the CB-based VR mental training, as its contribution is likely entangled with other influences.

Nevertheless, given the exploratory nature of our study and its use of a single-subject design, an approach that has supported the development and evaluation of unique interventions in sport psychology through repeated measurements over time (55), the study provided interesting insights into individual responses and highlighted the potential of CB-based VR training rather than aiming to make broad statistical claims.



6 Conclusions and future work

Our exploratory findings with a sample of recreational runners hint at the potential of CB-based VR training as a complementary component to traditional coaching programs, particularly for developing mental skills, an area often underemphasized in race preparation.

Results from our study suggest that integrating VR training with a CB-based application may offer a practical bridge between virtual preparation and real-world execution in sports coaching, particularly in running. For some participants, the intervention appeared to help apply certain strategies from the VR training sessions (such as instructional self-talk for pacing and drafting in early race stages, and motivational self-talk for managing fatigue toward the end) during actual competition. These strategies may have supported better energy management and focus for some individuals. While promising, this potential contribution requires further verification through future research.

The use of the CB-based VR application appeared to have a neutral to moderately positive influence for most participants, with self-reported emotional equilibrium maintained or slightly improved across sessions. The observed variability between individuals suggests that tailoring virtual coaching to individual psychological profiles could help optimize any potential benefits of VR-based approaches, though this remains unexplored.

In this exploratory investigation, a tentative pattern emerged in which four VR sessions appeared sufficient for participants to reach peak drafting proficiency and stabilize pacing patterns within the virtual environment. Declines in drafting performance after this point may indicate a need for individualized coaching adjustments to sustain progress, pointing to VR's potential as a flexible coaching tool that could benefit from adaptive program design.

Overall, these findings should be interpreted as exploratory and iterative and must be considered cautiously. They provide a preliminary foundation for refining VR training tools, with future research needed to disentangle VR's specific effects from other training variables, validate the tentative “four-session benchmark” observed here, and investigate adaptive protocols for individualized skill development. Future studies could also explore VR simulations that replicate late-race fatigue, adverse weather conditions by incorporating technologies such as haptic vests, gloves, or thermoregulation systems. Virtual scenarios could also be dynamically adapted to athletes' performance and include unforeseen challenges, such faster opponents, poor self-assessment of pacing or early-race injury, to better train coping strategies under pressure. Additionally, future research should incorporate usability metrics, such as the Assessing Determinants of Prospective Uptake of Virtual Reality Instrument (56), during data collection to better evaluate the multiple factors influencing the adoption of CB-based VR interventions.

As this research progresses, we propose developing an adaptive tutorial system within the VR application, allowing experienced users to skip repetitive instructions in subsequent sessions. To implement this feature, detailed analysis of performance metrics (especially those related to drafting or pacing) across VR training sessions would help determine how well users learn and retain race strategies. These insights could validate the efficiency of the training protocol and offer empirical guidance on optimizing the number of required sessions, ensuring the study design remains both effective and time-efficient.

Addressing these facets might enhance CB-based VR training by fostering individual adaptation and supporting holistic coaching programs that integrate both mental and physical aspects of athlete development. In this way, CB-based VR training can complement the expertise of coaches and sport psychologists by providing reproducible training experiences and improving accessibility for personalized athlete development. However, it should be viewed as an adjunctive approach that enriches, rather than replaces, traditional psychological or coaching practices.

Until further evidence is available, CB-based VR training should be viewed as one component of a potential holistic coaching approach, not a standalone solution.
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