Exploring Virtual Reality Based Executive Function Training for Primary-Aged Students with Executive Dysfunction: A Mixed Methods Case Series



Abstract
Executive dysfunction (EDF) is associated with poorer academic outcomes, increased social and emotional difficulties and decreased wellbeing (Diamond & Ling, 2019), and therefore understanding how children with EDF can be effectively supported is of vital importance. VR-based executive function training offers one solution, however, there is currently little evidence as to how children with EDF respond to training, specifically with regard to presence and agency. This study adopted a case series approach and explored children’s experiences of VR-based EF training. 4 participants were recruited, all of whom were identified as experiencing EDF. VR training consisted of 12 fifteen-minute sessions over 4 weeks and was delivered using the EF training game Koji’s Quest. Participants completed EF tests before and after the training and gave qualitative feedback at the end of each session. Changes in executive function, mindset and motivation were compared to a previously assessed sample of neurotypical children, and these results then provided context for a qualitative analysis. This exploratory study suggests that presence and agency may play distinct roles in creating a learning environment for children with EDF, and further research is recommended in order to understand their impact more fully.
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Introduction
Virtual reality (VR) has the potential to create novel educational experiences, and the use of this technology in education has grown significantly in recent years (Kavanagh et al., 2017). For example, VR has been used to deliver cognitive training (Hindman et al., 2025), teach water safety skills (Araiza-Alba, Keane, Matthews, et al., 2021), explore mathematical manipulatives (Moyer-Packenham & Suh, 2012), and facilitate group work when students cannot attend school in person (Mado et al., 2022). Using head-mounted displays, VR creates the perception of an entirely new environment, and it is therefore essential to understand how this environment might impact learning. In this sense, this research positions VR as far more than a setting (Damşa et al., 2025; Schmidbauer & Wölfel, 2025); rather, it seeks to consider the ways in which the individual is able (or unable) to collaborate with the technology, in the pursuit of educational outcomes.
This collaboration comes in the form of presence and agency, both of which are considered the key affordances of VR, and which both require the cognitive investment of the user. Presence can be understood as an authentic perception of being in a different place (Skarbez et al., 2017), with some research suggesting that presence can be understood as a collaboration between the user and the virtual environment (Erickson-Davis et al., 2021), and is subsequently linked to higher levels of engagement and increased emotional arousal (Tian et al., 2021). Agency can be understood as the sense of ownership a user feels over their actions (Skarbez et al., 2017) and has been associated with an increased ability to self-regulate emotions ​(Jicol et al., 2021) and the reduction of cognitive load (Araiza-Alba, Keane, Chen, et al., 2021). In the light of the user’s significant cognitive investment therefore, VR as a learning context needs to be thoroughly examined. 
[bookmark: _Int_zqpC9GFG][bookmark: _Int_1pViqUdq]Within education, novel learning opportunities for children with executive dysfunction (EDF) are often being sought, and VR may provide one such solution. Executive function (EF) is a set of higher order cognitive processes through which learning and everyday goals are realised. They comprise the fundamental building blocks of how we plan, execute, monitor and regulate tasks, and impact our cognitive, socioemotional and behavioural responses (Diamond & Ling, 2019). There is broad agreement in the importance of EF to a wide range of outcomes, and researchers agree that where EDF is identified, individuals are at risk in several ways. For children, individuals with EF deficits are more likely to experience difficulty with school readiness and academic achievement (Diamond & Ling, 2019) and reading and Maths skills (Karbach et al., 2015). There is also evidence to suggest that EF may moderate children’s ability to learn from Maths instruction (Ribner, 2020) and the ability to engage with mindfulness (Butterfield & Roberts, 2022). Critically, these difficulties also continue into adulthood; EF deficits have been associated with poorer health outcomes (Gray-Burrows et al., 2019) and reduced perceptions of quality of life (Davis et al., 2010). The prevalence of EDF is difficult to estimate; however, these difficulties are evident in children with a range of neurodevelopmental conditions, including attention deficit hyperactivity disorder, autism spectrum condition, learning disabilities, and traumatic brain injury (Souissi et al., 2022) and EDF is considered both a predictor and outcome of psychopathology (Romer & Pizzagalli, 2021). Providing high quality and impactful learning experiences for these children is therefore essential.
One possibility is the use of VR-based EF training. EF training has traditionally been delivered via desktop computers, with some success. For example, van Bers et al., (2020) examined the effect of cognitive flexibility training with 3-year-old children, finding evidence of near transfer with performance gains on a dimensional change card sorting task. In their research Prager et al., (2023) found that three brief EF training sessions improved the number skills (but not general mathematics skills) of pre-school children. There is also emerging evidence that EF training can be used to reduce the achievement gap between low and high achieving younger students (Wang et al., 2019). More recently, however, research has started to explore the possibility of VR-based EF training, demonstrating that this can be effective for primary school-aged children (Hindman et al., 2025).  Given the promise VR-based EF training has demonstrated, one of the most important questions to consider is how children with EDF might respond to this training.

Prior research indicates that individuals with EDF may respond differently to cognitive training compared to their neurotypical (NT) peers and consequently research has tended to focus on potential magnification and compensatory effects (e.g. see Lövdén et al., 2012). Magnification effects occur when cognitive skills which are already strong, are strengthened further, whereas compensation effects occur when weak cognitive skills are boosted. In short, does EF training boost efficient EF skills or does it improve areas of inefficiency? Research suggests that process-based training, which aims to strengthen core and underlying cognitive skills, is more likely to have compensatory effects, whereas strategy-based training, which aims to reduce cognitive load by establishing a specific strategy, is more likely to have magnification effects (Johann & Karbach, 2021; Titz & Karbach, 2014; Traut et al., 2021). However, these accounts only focus on the outcomes of the training, rather than the skills and qualities which individuals may bring to the training. In short, the focus on outcomes bypasses the essential issue of learning context. Differences in other areas of functioning for this group, such as mindset and motivation, may also exist, and these also need to be understood fully to achieve a nuanced understanding of how children with EDF might collaborate with this learning context.
[bookmark: Mindset]Research suggests that there are links between EF, mindset and motivation, and therefore these need to be the focus of investigation. Mindset has been described as “the psychology behind challenge seeking and resilience” (Dweck & Yeager, 2019) and suggests that those with a growth mindset are more likely to thrive in the face of challenge. Given the inherent challenge involved in cognitive training, mindset is a factor which warrants further attention (Dweck, 2021; Yeager & Dweck, 2020). Much of the research suggests that individuals with learning difficulties are more likely to adopt a fixed mindset towards intelligence (Verberg et al., 2019). However, this is not consistent, and there is also research suggesting that those with learning difficulties typically adopt a growth mindset (Goegan et al., 2021; Tuckwiller et al., 2017). Mindset has also been linked to self-efficacy, which considers the extent to which an individual is confident in executing a course of action (Bandura, 1982). Research suggests an association between EDF and self-efficacy, with weaker EF skills linked to lower self-efficacy (Gambin & Święcicka, 2015; Paananen et al., 2019). In the context of cognitive training, therefore, the extent to which participants feel confident executing the training tasks may be related to training outcomes.
Another important aspect to consider within the context of training executive function is motivation. Understanding differences in motivation is critical, because this may impact not only engagement but also problem-solving strategies during the training. Motivation can be understood as the process whereby “a goal-directed activity is initiated and sustained” (Cook & Artino, 2016), and again, this may be linked to EF. Prior research suggests that similar neural networks support working memory and process information regarding incentives, including the right superior frontal sulcus and bilateral intraparietal sulcus (Taylor et al., 2004). The function of this association would appear to be upregulation; in short, when highly motivated, individuals are enabled to exert a higher level of executive control, for example, higher levels of motivation have been shown to be associated with increased efficiency of error detection (Simões-Franklin et al., 2010) and reaction times (Yeung et al., 2024). Therefore, motivation can be seen not only as a factor that may impact training engagement, but also as an aspect of cognitive functioning that is directly related to executive functioning.
Given the interconnected nature of EF and motivation, the consideration of motivation becomes particularly important when we aim to examine whether individuals with EDF may experience EF training differently. Research is typically conclusive in this area, with students with learning difficulties showing lower levels of motivation. For example, in their comparison of students with and without learning difficulties, Seyed et al., (2017) conclude that children with learning difficulties have significantly lower scores for achievement motivation. Interestingly this is also connected back to mindset, with these children also demonstrating lower self-efficacy. These observations can also be linked to the experience of competence and higher levels of competence has been significantly associated with lower anxiety and higher motivation (Pollack et al., 2021). In contrast, students with learning difficulties have been shown to respond to failure with increased negative affect and lower self-esteem (Sideridis, 2003). Overall, evidence would suggest that individuals with EDF may not only experience differences in mindset but also show lower motivation than their neurotypical peers. Furthermore, differences in mindset and motivation may impact the extent to which an individual can collaborate with the virtual environment. To understand whether VR may be appropriate for this group, it is therefore essential to understand how children with EDF collaborate with VR.

Therefore, prior evidence sufficiently demonstrates the potential of EF training for children in mainstream educational settings, and the potential of VR to provide a stimulating learning environment. What is missing from the literature, however, is an understanding of how individuals with EDF experience VR-based EF training. The findings from previous research are inconclusive as to the impact of EF training for those with EDF, with research split as to whether there are compensation or magnification effects. Crucially however, what is missing from the literature is an account of EF training which explores how changes in executive function are linked to the mindset and motivation of the individual as well as their perception of the training. This research will therefore seek to answer the following question: How do children with EDF perceive VR-based EF training?

Historically, research into children with learning difficulties has tended to adopt a deficit-focused approach. In contrast, more recent research has attempted to explore the ways children with learning difficulties may utilise strengths in non-cognitive skills to support their cognition (for example, see Tuckwiller et al., 2017). The primary aim of this research therefore is to understand the experience of individuals with EDF and follows previous research which has explored user perspectives to inform implementation (e.g. Southgate, 2023). This research will incorporate both qualitative and quantitative data, to achieve a holistic understanding of the experiences of four children. This mixed methods approach is essential to ensure a nuanced understanding of these participants, and will highlight the experience of the training, instead of simply the outcomes of the training. Subsequently, insight into the nature of this collaboration with the virtual environment will inform the adaptation and enhancement of training protocols for children with EDF; will strengthen our understanding of how these children can be provided with the most effective and meaningful support; and will recognise and value the range of skills that these individuals may bring. 





Method
Methodology
This research recognises that each individual is likely to have a different experience of the VR-based EF training, and therefore a mixed method case series approach is undertaken. The use of a mixed method approach allows for a comparison of these experiences to a previously assessed NT sample of participants. This is useful because children with EDF will typically be educated alongside NT peers, and therefore understanding differences in outcomes is important. This quantitative approach is then used as context for exploring an understanding of the experience of the training. This is important because it allows for the recognition of cognitive strengths that may not be reflected in the outcomes of the training, may provide guidance for how the training can best be adapted for children with EDF, and helps to reveal the nature of these individuals’ collaboration with the virtual environment.
Reflexivity
The first author had previous experience as a teacher, and this impacted the development of this research. Specifically, this included significant experience working with children across a range of age groups who demonstrated significant cognitive, social and behavioural difficulties. This prior experience fostered positive and meaningful working relationships with school leaders and participants and enabled them to share their experiences and perceptions. It is important to acknowledge that the strong researcher-participant relationship may have influenced participants’ responses. For example, although the researcher was not a member of staff, the children may have responded to them within a child-teacher relationship. This could have had the effect of either expanding the breadth of reflection, or indeed, limiting it, depending on the individual.  It is also important to recognise that this experience also established certain beliefs. Firstly, that although children possess many strengths, the ways in which academic progress is measured does not always capture these. Secondly, that an individual’s ability to demonstrate their strengths can be limited or enhanced by their environment.  To limit the extent to which this prior experience might impact the data analysis, the first author was supported by two additional researchers, who had no prior experience of teaching at primary or secondary level. The balance achieved in the team enabled an approach that was open to the demands of the educational environment but was not limited by these. The research team adopted a critical realist approach to this research topic, which posits that although an independent reality exists, this is not accessible through direct observation and is impacted and limited by the conceptual frameworks though which we view the world (Fletcher, 2017).
Participants
	
	
	



Primary school-aged students who experience executive function difficulty were recruited with support of their school to disseminate information about the project.  Inclusion and exclusion criteria are detailed in Table S1. This sample was chosen for its ability to deliver an information-rich educational perspective from individuals who were currently receiving intervention in school (Staller, 2021). Four participants were recruited (F = 2; M = 2, M = 11 years, 4 months, SD = 2.6 months). One participant had occasional VR experience, and three had regular VR experience. Participants were screened for executive function difficulty using the BRIEF-2 teacher screening, scored in the 99th percentile (indicating a clinically elevated score, and strongly suggesting self-regulatory deficits (Gioia et al., 2015)) and proceeded with the study. The SDQ, the full version of BRIEF-2 for parents and carers, and teachers, and a mindset questionnaire was then administered for each participant. Table 1 provides an overview of each of the measures for all individuals. Each participant presented with their own strengths and difficulties; this provided a context that may have impacted how they uniquely experienced the VR-based EF training (full details of BRIEF-2, SDQ and mindset outcomes are provided in Tables S2-6; participant recruitment and screening is detailed in Figure S7).
	
	
	



Table 1
Participant characteristics, by case
	Case
	BRIEF-2*
	SDQ
	Mindset
	EF measures in contrast to comparison sample at T1

	
	
	
	
	TMT A
	TMT B
	TMT Switching
	ANT Alerting
	ANT Orienting
	ANT Conflict
	ANT RT
	FDS
	BDS

	
	
	
	
	
	
	
	
	
	
	
	
	

	1
	99th percentile for all components
	High scores in conduct problems and hyperactivity
	In line with the comparison sample
	
	
	
	+
	-
	
	+
	-
	

	2
	99th percentile for emotional regulation and cognitive regulation
	High scores in emotional problems
	Significantly lower than the comparison sample (fixed mindset)
	
	+
	+
	
	+
	+
	+
	-
	-

	3
	At least 95th percentile for all components
	High scores in emotional and conduct problems
	Significantly lower than the comparison sample (fixed mindset)
	
	
	
	
	+
	
	+
	-
	-

	4
	At least 95th percentile for all components
	High scores in emotional and conduct problems and hyperactivity
	Significantly lower than the comparison sample (fixed mindset)
	
	
	
	+
	+
	+
	
	
	-


Note: For mindset and EF, measures significantly different from the comparison sample at time 1 (FDR-corrected p-value <.05) are shown. + indicates significantly more efficient EF skill; - indicates significantly less efficient. For ANT and TMT, lower scores are considered to reflect more efficient cognitive processing; for FDS and BDS higher scores are considered to reflect more efficient cognitive processing.
*All BRIEF-2 teacher report scores indicated a clinically elevated score, strongly suggesting self-regulatory deficits (Gioia et al., 2015), and significant differences to the normative sample. For example, a score in the 99th percentile indicates that the individual scored higher than 99% of the normative sample.
Comparison Sample
In order to explore how the training may differ between children with EDF and their NT peers, training effects were compared to a comparison sample who had previously undergone the same training protocol (see Hindman et al., 2025). Due to the small sample size, these comparisons have limited power, however, they serve as a useful reference point for generating further hypotheses about the effectiveness of VR-based EF training for different groups of learners. The comparison sample consisted of 18 participants (8 boys, 10 girls; M – 9 years 6 months, SD – 8.5 months). All participants had been identified by their school as not having additional educational needs. Three participants had previous regular experience of VR; five had some limited experience and 10 had no experience. Although participants were offered 12 sessions, not all participants attended all sessions; the comparison group completed a mean of 11.06 (SD 1.43) fifteen-minute sessions of VR cognitive training, equating to a mean of 88.17 minutes of training (SD 21.64). All participants also completed the GMS at the start of the study and the SIMS at the end. 
Materials
BRIEF-2, SDQ, Mindset
To gain an understanding of participants’ EF abilities, the Behaviour Rating Inventory of Executive Function (BRIEF-2) and Strengths and Difficulties Questionnaire (SDQ) were utilised. The BRIEF-2 has been widely used in research to assess EF in children, including children with ADHD (Toplak et al., 2009), and those with brain injury (Donders et al., 2010)(for validation, see Cumming et al., 2023) and the SDQ has similarly been widely used (Hayes, 2006; Koskelainen et al., 2000). To understand participants’ attitudes and beliefs about learning, the three-item Growth Mindset Scale (GMS) (Dweck, 2021) was used to measure participants beliefs about the nature of intelligence. This scale has been widely used in educational contexts (Yu et al., 2022), and to assess changes after cognitive training (Chen et al., 2022) (for validation, see Rammstedt et al., 2024).
Virtual Reality HMD
Pico Neo 3 Pro were used to deliver the VR experience. This included a head mounted display (HMD) and two handheld controllers which enabled the user to interact and control the experience, and which also provided haptic feedback. The Pico Neo 3 Pro has a refresh rate of 72/90z, and a 98° field of view. Pico Neo has been successfully employed in prior research, including that with children (e.g., Hindman et al., 2024, 2025; Luo et al., 2023).
Koji’s Quest
[bookmark: _Int_j4ZuaR6a]Koji’s Quest is a cognitive training game created by NeuroReality. In the game, the player crash lands on a mysterious planet, where they can explore various worlds. Each world is based on different neuropsychological paradigms, for example, the Wisconsin Card Sorting Test and Go/No Go tasks (further game details are provided in Supplementary Material, Table S8). Prior evidence suggests that gamification is a significant factor in providing EF training (Junttila et al., 2022). Koji’s Quest has previously been found to be effective in training cognitive skills with children in clinical populations (van de Wouw et al., 2024) and within an educational context (Hindman et al., 2025). For all participants, the difficulty level started at 500, a moderate level of difficulty, and difficulty levels varied from 100 to 1000. The training was adaptive, based on a 3-up 1-down staircase.
Measures of Executive Function
[bookmark: _Int_R2xWESSs]Participants were tested at pre- and post- time points for EF ability, specifically cognitive flexibility, inhibitory control and working memory. The Trail Making Test (TMT) was chosen as the test for cognitive flexibility because of its high construct validity (Sánchez-Cubillo et al., 2009), and previous successful use with children (Reitan & Wolfson, 2004). For the TMT, response times were recorded for Trail A and Trail B, and the switching time (Trail A-Trail B) was calculated. The attention network task (ANT) (Fan & Posner, 2004) is widely used as a measure of inhibitory control (Johnson et al., 2008; Rueda et al., 2004). For the ANT, alerting, orienting, and conflict network scores were recorded, as well as the mean response time for correct responses. Backward digit span (BDS) was chosen as the test for working memory and has been previously used as a cognitive measure with children (Rosenthal et al., 2006); backward 2-error maximal length was recorded.
To ascertain whether the cases responded differently to the EF training, a series of one sample t-tests were performed, whereby the scores at Time 1, Time 2 and the change scores (T1-T2) were compared to the NT sample mean. All participants completed all EF measures at pre- and post- time points. FDR correction was then used to correct for multiple comparisons; all reported p-values are FDR corrected.
Procedure
To assess the effectiveness of the training, participants completed executive function tests at pre- and post- time points. Participants were offered 12 sessions over the course of 4 weeks. As with the comparison group, not all participants attended all sessions. The cases completed a mean of 8.50 (SD 1.50) fifteen-minute sessions of VR cognitive training, equating to a mean of 80.25 minutes of training (SD 14.72).  (Graphs relating to a comparison of training attendance are given in S9, and differences in participant attendance for training sessions is discussed in Practical Applications and Implications). The game was set to a variable difficulty level, meaning that the games increased in difficulty over the course of the training, in line with the performance of the participant.
To understand participants’ experiences of the training, qualitative responses to each training session were collected. At the end of each session, participants were asked to rate their enjoyment of the session, their perception of the difficulty of the training, and their perception of the usefulness of the training, using a Likert scale (1-5). Responses to the Likert scale judgements were used solely as a mechanism for eliciting further responses from participants about their experiences, and they were then given the opportunity to explain or justify their judgements. For example, after scoring a session “5” for enjoyment, the participant would be encouraged to elaborate on what they specifically enjoyed about that session. Example prompts include “tell me more” and “Can you give me one reason why you scored enjoyment 5?”. Similar elicitation methods have been used and found to be successful in prior research with participants with learning difficulties (for example, see Shaban et al., 2021). Verbal responses were recorded, transcribed, and analysed using thematic trajectory analysis.
Understanding the usability of the EF training is a key factor in ensuring that training protocols are effective and meaningful and is an essential tool in maximising the likelihood of participants continuing with the training. Usability can be considered in terms of the completion of a single task that lasts minutes (at a micro level), or a series of tasks lasting weeks (a macro level) (Hornbæk, 2006). In this study, usability can be understood as incorporating both micro and macro levels; that is, the experience of VR-based EF training consists of both the experience of individual sessions, but also the four-week training protocol as a whole. Therefore, to consider the participants’ experiences at both micro and macro levels, and to effectively capture participants’ collaboration with the learning context, responses were analysed using thematic trajectory analysis (TTA) (Spencer et al., 2021). TTA is a temporally sensitive analytical method and was chosen because it encourages an understanding of how a learner’s experience unfolds over time.
Participant responses were transcribed and cross-checked for accuracy. Thematic analysis included multiple phases: familiarisation, generation, searching, reviewing, defining, as defined by Braun & Clarke (2022). Transcripts were first read and re-read, and initial codes noted, using NVivo software and themes were considered prevalent based on either the number of instances and/or the number of different speakers. Similar codes were collapsed and themes generated, and themes were discussed and refined by two other researchers.
Following the methodology posited by Spencer et al., (2021) a data display matrix was created for each participant, and then a thematic template analysis at micro-, meso- and macro- levels (exemplar templates are provided in S10). Finally, thematic trajectory diagrams for each participant were created to illustrate how the conceptualisation of the training experience changed over time. The thematic trajectory diagrams for participants perceptions of enjoyment and difficulty are provided in the subsequent section. Because the thematic trajectory diagrams for participants’ perceptions of the usefulness of the training showed far less temporal variation, these diagrams are provided in the supplementary material (S11).



Results
Changes in Executive Function
The key areas of EF change as a result of the training are shown in Table 2 and 3 (for the full results, including the EF raw scores at T1 and T2, please see Supplementary Material S12). For all participants, progress was inconsistent across the EF measures, with individuals demonstrating both increases and decreases in efficiency on specific EF measures. The inconsistency of the outcomes observed for these participants means that definitive conclusions about the effectiveness of VR-based EF training for children with EDF are difficult to make.
Results indicated that all four cases made progress in isolated EF areas, and some of these were significantly greater than the comparison sample. Although the specific areas of progress varied between participants, this progress was seen in areas which had been significantly weaker than, or in line with the comparison sample at T1. In addition to this, there were some similarities between the areas in which the participants made progress. Firstly, two of the participants made progress in the ANT conflict sub measure, a measure of inhibitory control, and one participant made significant progress in the BDS, a measure of working memory. In addition, examination of the raw scores indicate that three of the four participants increased their efficiency in completing TMT Trail B, a measure of cognitive flexibility (however, it is worth noting that the calculated TMT Switching score was impacted by their comparatively greater progress in TMT Trail A). In addition, all participants made progress in TMT Trail A, a measure of processing speed and visual scanning.
However, there were also area where the participants demonstrated a decrease in their EF efficiency. As discussed previously, all participants showed decreased efficiency in the calculated TMT switching score, although this was impacted by their comparatively greater progress in TMT Trail A. In addition, three of the participants demonstrated a decrease in the ANT alerting sub measure. It is also notable that whereas all participants scored significantly higher than the comparison sample in some areas of EF at T1, none of the participants were able to build upon these strengths at T2.

Table 2
Areas of EF improvement, by case
	Case
	1
	2
	3
	4

	
	TMT Trail A ~
TMT Trail B
ANT orienting ~
ANT conflict ~
	TMT Trail A ~
TMT Trail B
ANT alerting*
BDS*
	TMT Trail A ~
ANT orienting ~
ANT conflict ~
	TMT Trail A ~
TMT Trail B
ANT orienting
ANT mean response time ~


Note: * indicates measures where the change score was significantly greater than the comparison sample (FDR-corrected p-value <.05); ~ indicates where the change score was in line with the comparison sample

Table 3
Areas of EF reduced efficiency, by case
	Case
	1
	2
	3
	4

	
	TMT switching
ANT Alerting
BDS
	TMT switching
ANT orienting
ANT conflict
	TMT switching
TMT Trail B
ANT alerting
ANT mean response time
BDS
	TMT switching
ANT alerting
ANT conflict


Note: Measures where the change score was significantly less than the comparison sample (FDR-corrected p-value <.05) are shown.

Thematic Trajectory Analysis
Four themes were developed from the qualitative session responses: affective response, descriptions of game play, challenge and competence. Although the three questions were coded separately, participants consistently drew on the same four themes when describing their enjoyment, the perceived difficulty of the training and the perceived usefulness of the training. Affective response includes instances where participants stated how they were feeling about the training, for example, that they found the game ‘fun’. Descriptions of game play includes instances where participants drew on their experiences of specific aspects of the VR cognitive training games. This includes, for example, descriptions of what they saw, or what they needed to do. Challenge includes participant comments relating to their awareness of the training pushing them beyond their cognitive limit, for example, where they found an aspect of the game particularly difficult. Competence includes comments relating to their awareness of their ability, or inability, to meet the demands of the game. Exemplar responses from each of the themes is presented in Figure S13.

Case 1
Case 1, when asked to reflect on their enjoyment of the VR-based EF training, talked primarily in terms of how the games made him feel, and descriptions of the game play. After some of the sessions, the participant simply restated their enjoyment but did not expand on their reasoning. For example, after session 1 he stated, “I enjoyed the games” and after session 7, “I just think they’re fun”. In addition to this, however, many of the responses also included descriptions of specific tasks or specific games he had participated in during the training. For example, after session 2, he described how the game had been to “[match] what faces they’re making” and after session 4 he explained that “you have to fill the water up while feeding the fish”. For case 1, their enjoyment of the training was understood very much in terms of what they were doing, and how this made him feel, and this remained fairly static throughout the training period.
In contrast, when asked about the difficulty of the training, his responses appeared to change as the training continued. At the start of the training, difficulty was expressed in terms of specific aspects of the game play, for example, after session 1, he reported that “putting the blocks in the right place” had been difficult, and after session 2 he expressed his own competence, and confidence with the training: “I don’t find none of it quite hard”. For the rest of the sessions, however, this changed to expressions of how the games were challenging. For example, he described in session 4 how the games involved “multitasking”, and in session 7 how the games were “more challenging to make you work harder”. Across the training period as a whole, therefore, the participants understanding of the difficulty of the training appears to move from expressions of his own competence to expressions of what challenges the training provided.
It is notable that, in comparison to the other cases, this participant’s explanations for their enjoyment of the training, and their perceptions of the difficulty of the training, remained distinct. For this participant, enjoyment was expressed primarily in terms of the gameplay, and difficulty was expressed primarily in terms of challenge, and this is illustrated in Fig. 4.
When asked to reflect on whether the VR-based EF training was useful to him, case 1 talked specifically about how he thought it might help his attention in school. For example, after session 1 he answered that one of the games might help him learn “how to focus”; after session 5 he explained that this was important because in Maths, you have to “focus on the calculations”, and then later in session 7 he reported that the training would “help [him] to concentrate in the class when there’s lots of noise”. For case 1, therefore, the relevance of the training was clearly linked to his experiences within school, and specifically to the difficulties he faced in terms of distractibility within the classroom. In the light of this participant’s perception of the usefulness of the training being specifically linked to the ability to distractibility, their EF outcomes are particularly relevant, as shown by the more efficient scores for ANT orienting and conflict, measures of attention (Table 2).

Figure 2
Case 1 thematic trajectory diagram for the perception of enjoyment and difficulty





Case 2
For case 2, enjoyment was expressed in terms of descriptions of the game play, but also their sense of how challenging it was. When asked to give reasons for her enjoyment, the participant returned several times to the comment that they wanted “new games” because they were the “same” ones she had already played. For example, she commented after session 5 that “it’s been the same games” as she had played before. In between this, however, were explanations which indicated how challenging the games were. For example, after session 4 she explained that “it feels like you got to get through it all”, because “every time you feed a fish they get faster popping out”, and after session 6 the game kept “changing” so she needed to go faster. The inclusion of comments about challenge as an explanation of enjoyment is noteworthy. This indicates that for this participant, the challenge the game provided was enjoyable in itself and the experience of being cognitively challenged was highly positive.
The theme of challenge was then expanded upon when this participant was asked about their perceptions of the difficulty of the training. Comments about difficulty centred on specific features of the games which challenged their abilities. For example, after session 3 she explained that one particular game “makes you go faster than you usually were”; after session 4 they described needing to “change [my] speed”; and after session 9 commented that this experience was “stressing”. For this case, the focus of much of the responses was on how she felt that the speed of the games was challenging.
[bookmark: _Int_hoVeUoeB]For this case, the theme of challenge featured very heavily, both in terms of her enjoyment, but also her perception of difficulty. The utilisation of this theme to explain both their enjoyment and their perception of the difficulty of the training, stands in contrast to case 1, who relied on distinctly different themes. It is also important to note that there is a level of ambiguity about her views of the experience. Although challenge is cited as a reason for their enjoyment, it is also described as “stressing”. For case 2, therefore, challenge is viewed both as a source of pleasure, and as a source of stress.
When asked to reflect on whether the VR-based EF training was useful to her, case 2 refers to two key factors: memory and speed. Case 2 explained that she believed the training could be useful to “remember equations” and to help with “long division”. But she also explained how being able to process information and instructions faster would help her. For example, she explained how “they [teachers] usually tell us to go quick”, and that it would be helpful to her “to go fast when you’re doing Maths questions”. For case 1, therefore, the relevance of the training was again clearly linked to her experiences within school, and specifically to her perception that being able to process information faster would help her to learn. In the light of this participant’s perception of the usefulness of the training being specifically linked to processing speed, their EF outcomes are particularly relevant, as shown by the more efficient score for TMT Trail A, a measure of processing speed (Table 2).

Figure 3
Case 2 thematic trajectory diagram for the perception of enjoyment and difficulty




Case 3
When asked to give explanations of their enjoyment, case 3 alternated between the themes of challenge and competence. There were several sessions where the participant expressed their confidence in their own ability, for example, after session 1 they commented “I got all of them right” and after session 5 they commented “it wasn’t difficult”. For this participant, their enjoyment was clearly linked to their perceived success in the games. However, in addition to this, the sessions were also interspersed with discussions about challenge. For example, after session 4 he explained “the [answer] I gave was incorrect” and in session 6 he commented “I literally got them all wrong”. Although success was clearly a motivator for this participant, they were also aware of times when they were not successful, and these instances of challenge were also communicated as a factor of their enjoyment.
This pattern is also repeated when the participant is asked about their perception of the difficulty of the training, where they again draw on both the theme of competence and challenge. For example, competence is expressed after session 2 when he reported that “they’re all really easy”, and after session 7 when he says, “[I’m] now getting better”. However, there were also references to challenge which demonstrated an emerging awareness of the adaptive nature of the games. For example, in the later sessions, the participant explained that the demands of the game kept changing, and that made it more difficult for him. He explained “the fish one keeps on changing, so that’s what makes it harder, because I give the fish the same food [as before] but [now] it’s wrong”. The adaptive nature of the training games, therefore, was specifically identified as a feature of the training which created challenge.
When asked about whether the training was useful for him, case 3 drew on a wide range of ideas. For example, he suggested that the training would help him “remember everything in class” and that would make “things seem easier” and help him “get things done”. He also described how the training would be useful for him to achieve in his science lessons. He described how he knew that in science experiments, it was important for him “to use the right things”, and “use the right amount”, because “then we pour it in, and it goes boom”. For this participant, being able to achieve in class was important, and this was likely associated with the dominant expression of the theme of competence.

Figure 4
Case 3 thematic trajectory diagram for the perception of enjoyment and difficulty




Case 4
When asked to describe their enjoyment of the training, case 4 responded primarily in terms of a description of specific games, and how these made her feel. For example, after session 1 she described, “you have to match the spaceship” and after session 3 “you have to put the things inside the bubbles”. After sessions 3 and 4 her comments were about the emotional effect of the training, and she said, “its satisfying” and “I enjoyed the gem matching”. Like case 1, her enjoyment of the training was primarily linked to gameplay and affect. However, her reasoning about enjoyment changed across the course of the training protocol, and she then focused on the theme of competence. For example, after session 5 she explained “it's more at my speed and my brain can't work stuff out if it's really fast: I liked it ‘cause it’s in the middle of hard and not that hard”. For case 4, there appeared to be a development in her enjoyment of the training, with the themes she was drawing upon moving from game play, to affect, to competence.
This development of the qualitative experience was also seen when she was asked to discuss her perceptions of the difficulty of the training. Her explanations at the start of the training were focused on challenge. After session 2 she commented that “[she] didn’t know [the answer]”, and then in session 3 she explained “I get mixed up”. She was also aware that the adaptive nature of the training created this challenge, explaining that “when you get some of them correct, it starts to go really fast”. Later in the training these responses developed, and she turned to the theme of competence; after session 6 she reflected that “it’s getting easier each time I do it”, and after session7 “I know what to do”. Like her responses about enjoyment, case 4’s responses about difficulty also evolved across the training period and especially towards the end of the training protocol. In terms of both her enjoyment and her perception of training difficulty, the final few sessions were characterised by reflections on what they were now able to do.
When asked about how useful the training might be for her, case 4 again focused on a wide range of factors. For example, they commented that “at school I have to remember lots of stuff”. They also talked about how the games might help them to organise their environment, explaining that in school you “sometimes have to match your stuff up…to make sure that everything you own is still there”, and commented that being able to “put things in the right place” would be useful to her. For case 4, the relevance of the training was therefore understood in terms of how she could organise the environment around her, so that it was ordered and predictable.
Figure 5
Case 4 thematic trajectory diagram for the perception of enjoyment and difficulty




Discussion
The inconsistency of the quantitative outcomes observed for these participants means that definitive conclusions about the effectiveness of VR-based EF training for children with EDF are difficult to make. Results indicate that all four cases made progress in some areas, and some of these were greater than the comparison sample. The fact that changes were seen in some areas of EF, and that these changes were typically related to areas which had been significantly weaker than, or in line with the comparison sample at T1, remains encouraging. However, these potential benefits need to be balanced with the possibility that there were also aspects of the training which were not effective for these learners and the inconsistency of these results limits the extent to which conclusions can be made about the effectiveness of VR-based EF training for children with EDF. Participants’ qualitative responses can therefore be understood in the context of training which has the potential to confer some benefits, but which may also create additional difficulties for learners.
The qualitative responses of the participants appear to correlate with this inconsistent picture. Firstly, all participants expressed the perception that challenge was enjoyable for them. For all participants, ‘challenge’ was used as a means of explaining why they enjoyed the training. Secondly, some participants articulated an emotional response to the training, and how they were attempting to master that emotional response. Thirdly, participants articulated an understanding of how their competence in the training was linked to the changing demands of the game. Considering both qualitative and quantitative evidence alongside each other, therefore, allows for the generation of hypotheses which can subsequently be systematically tested.
Prior research suggests that training which is process-based, such as the training used in this research, strengthens core and underlying skills, and is therefore more likely to lead to compensation effects (Titz & Karbach, 2014; Traut et al., 2021) and the results here provide tentative evidence for this theory, with all the participants making significant progress in specific areas where they had previously been significantly less efficient than the comparison sample. Supporting this, the qualitative experiences of participants provide further insights which may indicate potential new lines of enquiry.
Firstly, all participants expressed the perception that challenge was enjoyable for them. For all participants, ‘challenge’ was used as a means of explaining why they were enjoying the training. Although there were differences in the extent to which this theme was drawn upon, and the complexity of how they described this, this was seen across all participants. It is worth noting that this finding does stand in contrast to the quantitative measures of mindset. Of the four cases, three of them scored significantly below the comparison sample at the start of the study for growth mindset, indicating fixed mindsets. This is in line with previous research, which suggests that individuals with learning difficulties are more likely to adopt a fixed mindset (Verberg et al., 2019) and typically score lower for self-efficacy (Goegan et al., 2021).
However, there is a potential link between mindset and motivation that requires further investigation. Mindset is considered a useful measure because it indicates how an individual is likely to respond to challenge; those with a more fixed mindset are less likely to embrace challenge, and those with a growth mindset are more likely to do so (Dweck & Yeager, 2019; Yeager & Dweck, 2020). It would be reasonable to anticipate therefore, that individuals with a fixed mindset may not be motivated by a challenging cognitive training programme. However, in this sample, all participants, regardless of mindset appeared to be motivated by challenge. What seems to be apparent is that the training was highly motivating, even when their self-perceptions might have predisposed them to avoid challenge.
One possibility here, is that the virtual environment fostered high levels of motivation in the participants, and their perception of presence may have contributed to this. Presence is sometimes understood as a collaboration between the user and the environment (Erickson-Davis et al., 2021), which requires a cognitive and emotional investment of the user (Skarbez et al., 2017). Because of this investment, learning experiences which utilise a sense of presence are often typified by higher levels of user engagement and motivation. It may be useful, therefore, for future research to consider more explicitly the impact of a virtual environment on the motivational outcomes of training protocols.
Secondly, participants articulated an understanding of how their competence in the training was linked to the changing demands of the game, but there were differences between participants in terms of the complexity of this understanding, particularly regarding the themes of challenge and competence. For example, when discussing difficulty, case 1 observed that the purpose of the training was to “make you work harder”. However, in contrast to this, the other participants provided a more complex account of the training, which included either an observation of the demands of the task: “every time you feed a fish they get faster popping out” (case 2), or of how their own learning style may meet those demands: “it's more at my speed and my brain can't work stuff out if it's really fast” (case 4). Differences in complexity were also mirrored in the structure of the responses. For case 1, responses to these two questions remained distinct throughout the length of the training. That is, explanations of enjoyment drew on the theme of descriptions of game play, whereas explanations of difficulty drew primarily on the theme of challenge. However, the trajectory diagrams for cases 2, 3 and 4 indicate a different pattern. For these participants, the two questions draw from the same themes, that is, explanations of enjoyment and difficulty are very similar; this is evident in the diagrams where the lines intersect.
Differences in both the structure and complexity of the responses, therefore, may indicate differences in participants’ metacognitive knowledge, particularly in terms of how they understood the changing demands of the tasks in relation to their own abilities. There is evidence that metacognitive strategies may differ between individuals with EDF and NT children. For example, research suggests a significant relationship between executive function and metacognitive control in young children (Roebers et al., 2012), whereby less efficient executive function is associated with less efficient metacognitive control. This is supported by evidence regarding specific groups, for example, differences in metacognition have been found between children with ADHD and a control group (Poissant, 2005). Research also suggests that those with learning difficulties may be more likely to use surface strategies, and less likely to use self-regulatory strategies (Noureddine et al., 2024).
For this study, one of the central limitations is that both the training itself and the reflections after each session arguably made demands on metacognition, and this of course prevents any claims of causal attribution. However, this preliminary evidence is still highly relevant in terms of suggesting potential next steps of enquiry. Firstly, it would be useful to specifically consider whether those with difficulties with metacognitive control may be effectively supported in this learning context. In addition to this, however, it would be useful to consider the relationship between metacognitive knowledge and the users’ sense of agency. Prior research suggests that technologies which increase agency, may reduce cognitive load (Araiza-Alba, Keane, Chen, et al., 2021); further explorations as to whether this is therefore linked to metacognitive change, would be highly beneficial.

However, as discussed earlier, the quantitative outcomes do not indicate that definitive conclusions about the efficacy of this training can be drawn. The inconsistency of the EF outcomes, particularly where decreases in EF efficiency were observed, suggest that the training may provide some additional burdens for these learners. Again, the qualitative experiences of participants provide further insights which may indicate potential new lines of enquiry, and which may start to explain these declines in performance.
Critically, some participants articulated an emotional response to the training, and how they were attempting to master that emotional response. For example, case 2 referenced the impact of the speed of the games several times throughout the training, and how this was “stressing”, because it “makes you go faster than you usually were”. This was echoed by case 4 who commented “So when you get some of them correct, it starts to go really fast”. The focus on how the training made them feel is potentially significant, and linked to EF ability, especially considering that all participants scored in at least the 99th percentile for emotional regulation, indicating clinically elevated levels of difficulty. These responses indicate that the experience of VR-based EF training may tax emotional regulation skills, as well as cognitive regulation skills.
The focus on their emotional response to the training is significant, and again, it would be useful for future research to consider whether the user’s sense of presence may be involved. Prior research indicates that a sense of presence is associated with higher levels of emotional arousal (Tian et al., 2021), and so it may be possible that the emotion elicited by an adaptive training task, was effectively amplified in a virtual context. For this sample of participants, who had been identified as experiencing difficulties with emotional regulation, this may have created an additional emotional regulation burden. The propensity for presence to increase emotional arousal, therefore, is highly nuanced, which may impact some users disproportionately. Again, this can inform future research in this area; specifically, how individual differences in EF may impact effective collaboration with this learning context.
Practical Implications and Applications
This study provides initial evidence that exploring further the potential effectiveness of VR-based EF training for children with EDF may be useful. Despite the inconsistency of the quantitative results, the cases in this study did show evidence of some EF gains, and the qualitative outcomes evidenced this as a motivating experience. Small changes in EF efficiency have the potential to impact the individual in terms of academic outcomes, but also in terms of learning behaviour, which all the cases in this study reflected on. The potential for this training, therefore, is that in developing more efficient EF skills, their experience of school is more predictable, accessible, and ultimately, more fulfilling.
This preliminary evidence suggests that, where virtual environments are utilised within education, understanding how presence and agency can be harnessed or manipulated may be highly beneficial. For this sample of participants exposed to VR-based EF training, the user’s sense of agency was clearly highly significant, and this may mean that design decisions which can increase the user’s sense of agency may be likely to increase the effectiveness of the training. For example, both the use of haptic feedback (the incorporation of tactile sensations) and the use of hand tracking (which removes the need for hand-held controllers) have been found to be effective in increasing the users’ sense of direct and natural control over the environment, and therefore their perception of agency. Additionally, design decisions about presence need to acknowledge the potential advantageous and disadvantageous qualities of presence, to create learning contexts which are suitable for a range of learners.
In addition, this preliminary evidence suggests that adapting training protocols for children with EDF may be required to maximise its impact. The fact that training gains were evident in some areas of EF, alongside declines in others, suggests that adjustments to training protocols may be warranted, and further research would be beneficial in terms of ascertaining the optimum conditions for this specific group of learners. For example, although the sessions were short (~15 minutes), the tax on emotional as well as cognitive regulation skills means that participants may be more likely to tire easily, and therefore shorter sessions may be more appropriate. It is also worth noting that all the cases attended fewer sessions than the comparison sample, and that in all cases, this was due to absence from school or previously arranged appointments or school interventions. Research indicates that EDF may be linked to difficulties with sleep, eating behaviours and health behaviours; factors which may additionally impact school attendance. It would be useful for future research, therefore, to consider how interventions can be designed specifically for those whose attendance at school may be interrupted.
It is also possible that differences in EF profiles may suit different training protocols. For example, protocols such as Koji’s Quest which involve navigating between a range of different games, may be more likely to tax cognitive flexibility, as this involves switching between games. It is therefore possible that reducing the number of games may facilitate greater progress for individuals with less efficient cognitive flexibility. The participants’ relationship with those delivering the training is also crucial. Although prior research suggests that participants with EDF may be less likely to demonstrate a growth mindset, emotional regulation and metacognition, adjusting training protocols to maximise the opportunity for these skills to be developed may increase the effectiveness of the training for this group. This requires those delivering the training to be aware of the individual strengths of participants, and to be skilled in developing a relationship in which these skills can flourish.
Finally, this preliminary evidence has implications for those choosing VR educational applications, and indeed those designing them. VR educational applications are varied in terms of the levels of presence and agency they are likely to invoke in the user and understanding this may support educational providers to find the right ‘fit’ for specific learners. For example, experiences which require the user to be actively participating (as opposed to experiences which require the user to be passively observing) may, in the long term, be more educationally advantageous. These experiences are more likely to effectively foster the user’s perception of agency and may potentially boost both metacognitive and emotional control. Experiences which create a significant sense of presence may be linked to higher levels of motivation and engagement, however, these may also create, in some learners, a higher cognitive burden in terms of emotional regulation.
Limitations and Future Directions
It is, of course, important to acknowledge the ways in which this research was limited. This research has explored the ways in which these children experienced VR-based EF training, and it is important to acknowledge that the prior experiences of the first author were considered a key asset of this research and worked to strengthen the co-creative process.  However, the design of this research may have impacted participants in different ways.
Firstly, and as discussed previously, it is possible that the process of research also taxed metacognitive skills. Participants’ reflections on their experiences of training were a necessary and crucial element of this research; however, reflection is a core component of metacognition. It is therefore possible that the research design itself contributed to some of the outcomes, as opposed to solely the training protocol. Secondly, because the design involved regular contact with a researcher, both for the VR training session, and the subsequent feedback, this necessitated a strong researcher-participant relationship. Differences in how participants relate to other people, (a key indicator in the BRIEF-2 and SDQ) may therefore have been reflected in the participants’ responses, or their motivation for the training.
It would be useful therefore, to explore research designs which explicitly consider whether this is an active component of the training. For example, training protocols could incorporate an avatar to support the user to reflect on their experiences and build metacognitive skill. Future research should therefore consider ways in which alternative means of recording participants’ responses to the training, which do not rely on the researcher-participant relationship could be included.
A further limitation is that whilst focusing on the experiences of the training sessions as they progressed, this study did not collect follow-up data, and therefore, it is not possible to draw conclusions about whether any changes in EF were maintained. Future research would benefit from exploring this, as well as considering how children’s perceptions of the training develop over a longer time span. 
As exploratory research, the aim of this study was to generate, rather than test hypotheses, so that these can subsequently be more systematically tested. Of specific interest is the relationship between agency and metacognitive knowledge. For example, future research which compares learning environments in terms of the agency, to may lead to a more definitive understanding of whether agency promotes metacognitive knowledge, and control. Likewise, a comparison of learning environments which utilise the learner’s sense of presence may develop our understanding of the impact of emotional regulation burdens.

Conclusion
This preliminary evidence suggests that presence and agency play distinct roles in creating a learning environment for children with EDF, and these are worthy of further investigation. The quantitative findings illustrate inconsistent progress in EF measures as a result of the training, potentially due to high levels of intraindividual variability, and the EF gains need to be balanced with the evidence of EF declines. A more nuanced understanding of how these key affordances of VR interact with the individual at the level of EF, may well help to inform how this technology can most effectively be used within education.
[bookmark: _Int_pCUh8ebF]This research also emphasises the broad differences even within this very small group. Although participants had nearly identical BRIEF-2 scores, they differed in terms of the additional measures, such as the SDQ and mindset. These differences underscore the importance of moving beyond a purely quantitative approach, which typically treats them as a homogenous group. This is important because these differences may impact the individual’s collaboration with VR and may subsequently impact the effectiveness of the training. Participants qualitative responses also indicated engagement with the training that was consistent with a growth mindset, emotional regulation and metacognition. Again, this underlines the importance of seeking a more nuanced understanding of the learning behaviour of this group and directs attention to ways in which these skills can be further developed and encouraged.

Funding
This work was supported by funding from the F Glenister Woodger Trust.


References
Araiza-Alba, P., Keane, T., Chen, W. S., & Kaufman, J. (2021). Immersive virtual reality as a tool to learn problem-solving skills. Computers and Education, 164. https://doi.org/10.1016/j.compedu.2020.104121
Araiza-Alba, P., Keane, T., Matthews, B., Simpson, K., Strugnell, G., Chen, W. S., & Kaufman, J. (2021). The potential of 360-degree virtual reality videos to teach water-safety skills to children. Computers and Education, 163. https://doi.org/10.1016/j.compedu.2020.104096
Bandura, A. (1982). Self-Efficacy Mechanism in Human Agency.
Braun, V., & Clarke, V. (2021). Thematic Analysis: A Practical Guide. In QMiP Bulletin (Number 33). Sage. https://doi.org/10.53841/bpsqmip.2022.1.33.46
Butterfield, K. M., & Roberts, K. P. (2022). The Role of Executive Function in Children’s Mindfulness Experience. Mindfulness, 13(2), 398–408. https://doi.org/10.1007/s12671-021-01802-6
Chen, L., Chang, H., Rudoler, J., Arnardottir, E., Zhang, Y., de los Angeles, C., & Menon, V. (2022). Cognitive training enhances growth mindset in children through plasticity of cortico-striatal circuits. Npj Science of Learning, 7(1). https://doi.org/10.1038/s41539-022-00146-7
Cook, D. A., & Artino, A. R. (2016). Motivation to learn: an overview of contemporary theories. Medical Education, 50(10), 997–1014. https://doi.org/10.1111/medu.13074
Cumming, M. M., Poling, D. V., Qiu, Y., Pham, A. V., Daunic, A. P., Corbett, N., & Smith, S. W. (2023). A Validation Study of the BRIEF-2 Among Kindergarteners and First Graders At-Risk for Behavior Problems. Assessment, 30(1), 3–21. https://doi.org/10.1177/10731911211032289
Damşa, C., Hofmann, R., Ingerman, Å., Ligorio, M. B., & Myhill, D. (2025). Setting the scene for Learning in Context. Learning in Context, 2(1–2), 100013. https://doi.org/10.1016/j.lecon.2025.100013
Davis, J. C., Marra, C. A., Najafzadeh, M., & Liu-Ambrose, T. (2010). The independent contribution of executive functions to health related quality of life in older women. In BMC Geriatrics (Vol. 10). http://www.biomedcentral.com/1471-2318/10/16
Diamond, A., & Ling, D. S. (2019). Review of the Evidence on, and Fundamental Questions About, Efforts to Improve Executive Functions, Including Working Memory. In Cognitive and Working Memory Training. https://doi.org/10.1093/oso/9780199974467.003.0008
Donders, J., DenBraber, D., & Vos, L. (2010). Construct and criterion validity of the behaviour rating inventory of executive function (BRIEF) in children referred for neuropsychological assessment after paediatric traumatic brain injury. Journal of Neuropsychology, 4(2), 197–209. https://doi.org/10.1348/174866409X478970
Dweck, C. S. (2021). Is Intelligence Fixed or Changeable? Students’ Theories About Their Intelligence Foster Their Achievement Coals. In Self-theories. https://doi.org/10.4324/9781315783048-9
Dweck, C. S., & Yeager, D. S. (2019). Mindsets: A View From Two Eras. Perspectives on Psychological Science, 14(3), 481–496. https://doi.org/10.1177/1745691618804166
Erickson-Davis, C., Luhrmann, T. M., Kurina, L. M., Weisman, K., Cornman, N., Corwin, A., & Bailenson, J. (2021). The sense of presence: lessons from virtual reality. Religion, Brain and Behavior, 11(3), 335–351. https://doi.org/10.1080/2153599X.2021.1953573
Fan, J., & Posner, M. (2004). Human attentional networks. In Psychiatrische Praxis, Supplement (Vol. 31, Number 2). Georg Thieme Verlag. https://doi.org/10.1055/s-2004-828484
Fletcher, A. J. (2017). Applying critical realism in qualitative research: methodology meets method. International Journal of Social Research Methodology, 20(2), 181–194. https://doi.org/10.1080/13645579.2016.1144401
Gambin, M., & Święcicka, M. (2015). Relationships of self-efficacy beliefs to executive functions, hyperactivity-impulsivity and inattention in school-aged children. Polish Journal of Applied Psychology, 13(1), 33–42. https://doi.org/10.1515/pjap-2015-0024
Gioia, G. A., Isquith, P. K., Guy, S. C., & Kenworthy, L. (2015). Behavior Rating Inventory of Executive Function; Second Edition. PAR.
Goegan, L. D., Pelletier, G. N., & Daniels, L. M. (2021). I Just Have to Try Harder: Examining the Mindsets of Students with LD. Canadian Journal of School Psychology, 36(3), 244–254. https://doi.org/10.1177/0829573521998954
Gray-Burrows, K., Taylor, N., O’Connor, D., Sutherland, E., Stoet, G., & Conner, M. (2019). A systematic review and meta-analysis of the executive function-health behaviour relationship. In Health Psychology and Behavioral Medicine (Vol. 7, Number 1, pp. 253–268). Taylor and Francis Ltd. https://doi.org/10.1080/21642850.2019.1637740
Hayes, L. (2006). Problem behaviours in early primary school children: Australian normative data using the Strengths and Difficulties Questionnaire. www.sdqinfo.com
Hindman, S., King, R., & Pereira, A. (2024). Virtual reality based executive function training in schools: The experience of primary school-aged children, teachers and training teaching assistants. Computers in Human Behavior Reports, 16. https://doi.org/10.1016/j.chbr.2024.100500
Hindman, S., King, R., & Pereira, A. (2025). Virtual reality based executive function training in schools: The impact of adaptivity on executive function and motivation. Computers & Education, 234, 105344. https://doi.org/10.1016/j.compedu.2025.105344
Hornbæk, K. (2006). Current practice in measuring usability: Challenges to usability studies and research. International Journal of Human Computer Studies, 64(2), 79–102. https://doi.org/10.1016/j.ijhcs.2005.06.002
Jicol, C., Wan, C. H., Doling, B., Illingworth, C. H., Yoon, J., Headey, C., Lutteroth, C., Proulx, M. J., Petrini, K., & Neill, E. O. (2021, May 6). Effects of emotion and agency on presence in virtual reality. Conference on Human Factors in Computing Systems - Proceedings. https://doi.org/10.1145/3411764.3445588
Johann, V., & Karbach, J. (2021). Educational application of cognitive training. In Cognitive Training: An Overview of Features and Applications. Springer International Publishing. https://doi.org/10.1007/978-3-030-39292-5
Johnson, K. A., Robertson, I. H., Barry, E., Mulligan, A., Dáibhis, A., Daly, M., Watchorn, A., Gill, M., & Bellgrove, M. A. (2008). Impaired conflict resolution and alerting in children with ADHD: evidence from the Attention Network Task (ANT). Journal of Child Psychology and Psychiatry, and Allied Disciplines, 49(12), 1339–1347. https://doi.org/10.1111/j.1469-7610.2008.01936.x
Junttila, K., Smolander, A. R., Karhila, R., Giannakopoulou, A., Uther, M., Kurimo, M., & Ylinen, S. (2022). Gaming enhances learning-induced plastic changes in the brain. Brain and Language, 230. https://doi.org/10.1016/j.bandl.2022.105124
Karbach, J., Strobach, T., & Schubert, T. (2015). Adaptive working-memory training benefits reading, but not mathematics in middle childhood. Child Neuropsychology, 21(3), 285–301. https://doi.org/10.1080/09297049.2014.899336
Kavanagh, S., Luxton-Reilly, A., Wuensche, B., & Plimmer, B. (2017). A systematic review of Virtual Reality in education. In Themes in Science & Technology Education (Vol. 10, Number 2).
Koskelainen, M., Sourander, A., & Kaljonen, A. (2000). The Strengths and Difficulties Questionnaire among Finnish school-aged children and adolescents.
Lövdén, M., Brehmer, Y., Li, S. C., & Lindenberger, U. (2012). Training-induced compensation versus magnification of individual differences in memory performance. Frontiers in Human Neuroscience, (MAY 2012). https://doi.org/10.3389/fnhum.2012.00141
Luo, X., Tao, M., Lu, J., Lu, L., & He, X. (2023). The effect of different combinations of physical activity and natural environment videos on children’s attention levels between class breaks. BMC Pediatrics, 23(1). https://doi.org/10.1186/s12887-023-03868-8
Mado, M., Fauville, G., Jun, H., Most, E., Strang, C., & Bailenson, J. N. (2022). Accessibility of Educational Virtual Reality for Children During the COVID-19 Pandemic. Technology, Mind, and Behavior, 3(1). https://doi.org/10.1037/tmb0000066
Moyer-Packenham, P. S., & Suh, J. M. (2012). Learning Mathematics with Technology: The Influence of Virtual Manipulatives on Different Achievement Groups. In Jl. of Computers in Mathematics and Science Teaching (Number 1).
Noureddine, B., Abdellah, B., Mohammed, R., Mohammed, Z., Jamal, E. A., & Amine, K. (2024). Metacognitive Functioning in Students with Learning Disabilities or Difficulties: A Systematic Literature Review. In International Journal of Learning, Teaching and Educational Research (Vol. 23, Number 10, pp. 475–493). Society for Research and Knowledge Management. https://doi.org/10.26803/ijlter.23.10.23
Paananen, M., Aro, T., Viholainen, H., Koponen, T., Tolvanen, A., Westerholm, J., & Aro, M. (2019). Self-regulatory efficacy and sources of efficacy in elementary school pupils: Self-regulatory experiences in a population sample and pupils with attention and executive function difficulties. Learning and Individual Differences, 70, 53–61. https://doi.org/10.1016/j.lindif.2019.01.003
Poissant, H. (2005). Metacognition in Attention Deficit and Hyperactivity Disorder (ADHD) and its Link with Executive Functioning. Cognition, Brain, Behaviour, 433.
Pollack, C., Wilmot, D., Centanni, T. M., Halverson, K., Frosch, I., D’Mello, A. M., Romeo, R. R., Imhof, A., Capella, J., Wade, K., Al Dahhan, N. Z., Gabrieli, J. D. E., & Christodoulou, J. A. (2021). Anxiety, Motivation, and Competence in Mathematics and Reading for Children With and Without Learning Difficulties. Frontiers in Psychology, 12. https://doi.org/10.3389/fpsyg.2021.704821
Prager, E. O., Ernst, J. R., Mazzocco, M. M. M., & Carlson, S. M. (2023). Executive function and mathematics in preschool children: Training and transfer effects. Journal of Experimental Child Psychology, 232. https://doi.org/10.1016/j.jecp.2023.105663
Rammstedt, B., Grüning, D. J., & Lechner, C. M. (2024). Measuring Growth Mindset: Validation of a Three-Item and a Single-Item Scale in Adolescents and Adults. European Journal of Psychological Assessment, 40(1), 84–95. https://doi.org/10.1027/1015-5759/a000735
Reitan, R. M., & Wolfson, D. (2004). The Trail Making Test as an initial screening procedure for neuropsychological impairment in older children. Archives of Clinical Neuropsychology, 19(2), 281–288. https://doi.org/10.1016/S0887-6177(03)00042-8
Ribner, A. D. (2020). Executive function facilitates learning from math instruction in kindergarten: Evidence from the ECLS-K. Learning and Instruction, 65. https://doi.org/10.1016/j.learninstruc.2019.101251
Roebers, C. M., Cimeli, P., Röthlisberger, M., & Neuenschwander, R. (2012). Executive functioning, metacognition, and self-perceived competence in elementary school children: An explorative study on their interrelations and their role for school achievement. Metacognition and Learning, 7(3), 151–173. https://doi.org/10.1007/s11409-012-9089-9
Romer, A. L., & Pizzagalli, D. A. (2021). Is executive dysfunction a risk marker or consequence of psychopathology? A test of executive function as a prospective predictor and outcome of general psychopathology in the adolescent brain cognitive development study®. Developmental Cognitive Neuroscience, 51. https://doi.org/10.1016/j.dcn.2021.100994
Rosenthal, E. N., Riccio, C. A., Gsanger, K. M., & Jarratt, K. P. (2006). Digit Span components as predictors of attention problems and executive functioning in children. Archives of Clinical Neuropsychology, 21(2), 131–139. https://doi.org/10.1016/j.acn.2005.08.004
Rueda, M. R., Fan, J., McCandliss, B. D., Halparin, J. D., Gruber, D. B., Lercari, L. P., & Posner, M. I. (2004). Development of attentional networks in childhood. Neuropsychologia, 42(8), 1029–1040. https://doi.org/10.1016/j.neuropsychologia.2003.12.012
Sánchez-Cubillo, I., Periáñez, J. A., Adrover-Roig, D., Rodríguez-Sánchez, J. M., Ríos-Lago, M., Tirapu, J., & Barceló, F. (2009). Construct validity of the Trail Making Test: Role of task-switching, working memory, inhibition/interference control, and visuomotor abilities. In Journal of the International Neuropsychological Society (Vol. 15, Number 3, pp. 438–450). Cambridge University Press. https://doi.org/10.1017/S1355617709090626
Schmidbauer, F., & Wölfel, M. (2025). Social virtual reality as learning space: Conceptualising context through spatial and sociotechnological perspectives. Learning in Context, 2(1–2), 100004. https://doi.org/10.1016/j.lecon.2025.100004
Seyed, S., Salmani, M., Motahari Nezhad, F., & Noruzi, R. (2017). Self-Efficacy, Achievement Motivation, and Academic Progress of Students with Learning Disabilities: A Comparison with Typical Students. Middle East Journal of Rehabilitation and Health, 4(2). https://doi.org/10.5812/mejrh.44558
Shaban, A., Pearson, E., & Chang, V. (2021). Evaluation of User Experience, Cognitive Load, and Training Performance of a Gamified Cognitive Training Application for Children With Learning Disabilities. Frontiers in Computer Science, 3. https://doi.org/10.3389/fcomp.2021.617056
Sideridis, G. D. (2003). On the origins of helpless behavior of students with learning disabilities: Avoidance motivation? International Journal of Educational Research, 39(4–5), 497–517. https://doi.org/10.1016/j.ijer.2004.06.011
Simões-Franklin, C., Hester, R., Shpaner, M., Foxe, J. J., & Garavan, H. (2010). Executive function and error detection: The effect of motivation on cingulate and ventral striatum activity. Human Brain Mapping, 31(3), 458–469. https://doi.org/10.1002/hbm.20879
Skarbez, R., Brooks, F. P., & Whitton, M. C. (2017). A survey of presence and related concepts. In ACM Computing Surveys (Vol. 50, Number 6). Association for Computing Machinery. https://doi.org/10.1145/3134301
Souissi, S., Chamari, K., & Bellaj, T. (2022). Assessment of executive functions in school-aged children: A narrative review. In Frontiers in Psychology (Vol. 13). Frontiers Media S.A. https://doi.org/10.3389/fpsyg.2022.991699
Southgate, E. (2023). Children’s evaluation of a virtual reality boating safety education resource. https://vrty.io/
Spencer, L., Radcliffe, L., Spence, R., & King, N. (2021). Thematic trajectory analysis: A temporal method for analysing dynamic qualitative data. Journal of Occupational and Organizational Psychology, 94(3), 531–567. https://doi.org/10.1111/joop.12359
Staller, K. M. (2021). Big enough? Sampling in qualitative inquiry. In Qualitative Social Work (Vol. 20, Number 4, pp. 897–904). SAGE Publications Inc. https://doi.org/10.1177/14733250211024516
Taylor, S. F., Welsh, R. C., Wager, T. D., Phan, K. L., Fitzgerald, K. D., & Gehring, W. J. (2004). A functional neuroimaging study of motivation and executive function. NeuroImage, 21(3), 1045–1054. https://doi.org/10.1016/j.neuroimage.2003.10.032
Tian, F., Hua, M., Zhang, W., Li, Y., & Yang, X. (2021). Emotional arousal in 2D versus 3D virtual reality environments. PLoS ONE, 16(9 September). https://doi.org/10.1371/journal.pone.0256211
Titz, C., & Karbach, J. (2014). Working memory and executive functions: effects of training on academic achievement. In Psychological Research (Vol. 78, Number 6, pp. 852–868). Springer Verlag. https://doi.org/10.1007/s00426-013-0537-1
Toplak, M., Bucciarelli, S., Jain, U., Tannock, R., & Toplak, M. (2009). Executive functions: Performance-based measures and the behavior rating inventory of executive function (BRIEF) in adolescents with attention deficit/hyperactivity disorder (ADHD).
Traut, H. J., Guild, R. M., & Munakata, Y. (2021). Why Does Cognitive Training Yield Inconsistent Benefits? A Meta-Analysis of Individual Differences in Baseline Cognitive Abilities and Training Outcomes. Frontiers in Psychology, 12. https://doi.org/10.3389/fpsyg.2021.662139
Tuckwiller, B. D., Dardick, W. R., & Kutscher, E. L. (2017). Profiles of and Correlations Among Mindset, Grit, and Optimism in Adolescents with Learning Disabilities: A Pilot Study. In JISE (Vol. 6, Number 1). Duckworth & Quinn.
van Bers, B. M. C. W., van Schijndel, T. J. P., Visser, I., & Raijmakers, M. E. J. (2020). Cognitive flexibility training has direct and near transfer effects, but no far transfer effects, in preschoolers. Journal of Experimental Child Psychology, 193. https://doi.org/10.1016/j.jecp.2020.104809
van de Wouw, C. L., Bousché, E., van Schooneveld, M. M. J., Breur, J. M. P., Nijenhuis, H. P., Huygelier, H., & Nijboer, T. C. W. (2024). Playing for cognition: investigating the feasibility and user experience of a virtual reality serious game for cognitive assessment in children with congenital heart disease. BMC Digital Health, 2(1). https://doi.org/10.1186/s44247-024-00075-y
Verberg, F., Helmond, P., Otten, R., & Overbeek, G. (2019). Mindset and perseverance of adolescents with intellectual disabilities: Associations with empowerment, mental health problems, and self-esteem. Research in Developmental Disabilities, 91. https://doi.org/10.1016/j.ridd.2019.103426
Wang, C., Jaeggi, S. M., Yang, L., Zhang, T., He, X., Buschkuehl, M., & Zhang, Q. (2019). Narrowing the achievement gap in low-achieving children by targeted executive function training. Journal of Applied Developmental Psychology, 63, 87–95. https://doi.org/10.1016/j.appdev.2019.06.002
Yeager, D. S., & Dweck, C. S. (2020). What can be learned from growth mindset controversies? American Psychologist, 75(9), 1269–1284. https://doi.org/10.1037/amp0000794
Yeung, M. K., Wan, J. C. H., Chan, M. M. K., Cheung, S. H. Y., Sze, S. C. Y., & Siu, W. W. Y. (2024). Motivation and emotional distraction interact and affect executive functions. BMC Psychology, 12(1). https://doi.org/10.1186/s40359-024-01695-9
Yu, J., Kreijkes, P., & Salmela-Aro, K. (2022). Students’ growth mindset: Relation to teacher beliefs, teaching practices, and school climate. Learning and Instruction, 80. https://doi.org/10.1016/j.learninstruc.2022.101616
 

 
 
 

Enjoyment	0	1	2	3	4	5	6	7	2.5	1.5	2.5	1.5	2.5	2.5	2.5	Difficulty	0	1	2	3	4	5	6	7	1.5	4.5	3.5	3.5	3.5	3.5	3.5	No Explanation	
0	1	2	3	4	5	6	7	0.5	Description	
0	1	2	3	4	5	6	7	1.5	Affective Response	

0	1	2	3	4	5	6	7	2.5	Challenge	

0	1	2	3	4	5	6	7	3.5	Competence	
0	1	2	3	4	5	6	7	4.5	Usefulness	0	1	2	3	4	5	6	7	4.5	4.5	1.5	4.5	4.5	4.5	4.5	


Enjoyment	0	1	2	3	4	5	6	7	8	9	10	2.5	2.5	1.5	3.5	1.5	3.5	1.5	1.5	1.5	1.5	Difficulty	0	1	2	3	4	5	6	7	8	9	10	3.5	1.5	3.5	3.5	1.5	3.5	1.5	1.5	3.5	No Explanation	
0	1	2	3	4	5	6	7	8	9	10	0.5	Description	
0	1	2	3	4	5	6	7	8	9	10	1.5	Affective Response	

0	1	2	3	4	5	6	7	8	9	10	2.5	Challenge	
0	1	2	3	4	5	6	7	8	9	10	3.5	Competence	
0	1	2	3	4	5	6	7	8	9	10	4.5	Usefulness	0	1	2	3	4	5	6	7	8	9	10	4.5	4.5	4.5	4.5	0.5	4.5	0.5	4.5	0.5	1.5	


Enjoyment	0	1	2	3	4	5	6	7	8	9	10	4.5	4.5	4.5	3.5	4.5	3.5	2.5	1.5	3.5	4.5	Difficulty	0	1	2	3	4	5	6	7	8	9	10	1.5	4.5	4.5	1.5	3.5	3.5	4.5	0.5	0.5	3.5	No Explanation	
0	1	2	3	4	5	6	7	8	9	10	0.5	Description	
0	1	2	3	4	5	6	7	8	9	10	1.5	Affective Response	

0	1	2	3	4	5	6	7	8	9	10	2.5	Challenge	
0	1	2	3	4	5	6	7	8	9	10	3.5	Competence	
0	1	2	3	4	5	6	7	8	9	10	4.5	Usefulness	0	1	2	3	4	5	6	7	8	9	10	4.5	4.5	3.5	1.5	1.5	4.5	4.5	4.5	0.5	3.5	


Enjoyment	0	1	2	3	4	5	6	7	1.5	1.5	2.5	2.5	4.5	1.5	1.5	Difficulty	0	1	2	3	4	5	6	7	1.5	3.5	3.5	3.5	3.5	4.5	4.5	No Explanation	
0	1	2	3	4	5	6	7	0.5	Description	
0	1	2	3	4	5	6	7	1.5	Affective Response	

0	1	2	3	4	5	6	7	2.5	Challenge	
0	1	2	3	4	5	6	7	3.5	Competence	
0	1	2	3	4	5	6	7	4.5	Usefulness	0	1	2	3	4	5	6	7	4.5	3.5	3.5	4.5	4.5	0.5	4.5	


