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Abstract

Introduction: Extended Reality (XR) combines the physical world with a computer-generated one, across a reality-virtuality continuum. There is good evidence that XR can promote learning, with reasonable evidence for improving healthcare learner knowledge, moderate evidence for changing healthcare learner attitudes, and less good evidence for improving healthcare learner performance, including performance of clinical skills. The General Medical Council mandates competence in 23 procedural skills and additional wider clinical skills for UK medical undergraduates.

Methods: We undertook a rapid review to identify XR solutions which may improve clinical skills performance.

Results: Four databases were searched for relevant articles, yielding 7167 records, of which 41 studies were included in the review. Data were extracted on study population, intervention, comparator, and outcome. 22 studies were included in the narrative synthesis.

Conclusions: Recommendations were made for pilot implementation of XR solutions in UK undergraduate clinical skills curricula, and the next steps required to assess their impact.
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Introduction

XR

XR describes any combination of the real world with computer-generated assets: on one end of this reality-virtuality continuum sits physical reality; at the other end exists an entirely artificial world or Virtual Reality (VR) (Milgram and Kishino 1994). Between these extremes lies Mixed Reality (MR): Augmented Reality (AR) describes the augmentation of physical reality with computer-generated assets, and Augmented Virtuality (AV) describes the augmentation of VR with real-world objects, often allowing for interaction between the two (Rauschnabel et al. 2022). MR is an umbrella term for AR and AV; XR is an umbrella term for MR and VR (see Figure 1).
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These technologies can be applied across a further spectrum from non-immersive to immersive, including mobile and hybrid approaches: immersive VR was initially developed for entertainment, which is still its predominant use (Stromberga et al. 2021). However, head-mounted displays (HMDs) can trigger migraines, vertigo, and travel sickness (‘cybersickness’) in some users (Y.P. Chao et al. 2021); AV induces fewer of these side-effects (Moro et al. 2017), and mobile XR fewer still (Moro et al. 2021).

XR in education

XR has been applied to education, where it falls under the broader remit of Technology-Enhanced Learning (TEL), which is non-inferior (and possibly superior) to traditional teaching, including for healthcare (Kyaw et al. 2019a). With the ubiquity of smartphones and similar mobile devices, mobile TEL is an attractive proposition for scalable and accessible teaching (Navaratnam et al. 2022).

XR realises various positive affordances: it can be applied to experiential learning theories, where the egocentric, embodied experience improves learning (Kilteni et al. 2012). It can enable simulation (or part-simulation) in a risk-free environment which allows for learning from errors (Akgün and Atici 2022); or it can be used to construct the visuospatial structure for a memory palace (Ranpariya et al. 2022). XR has also been applied to game-informed learning techniques (Mansoory et al. 2021), where the inclusion of branching and looping scenarios (Berger et al. 2018; Bernaitis et al. 2018), and access to web-based resources (Burg and Finlay 2016), can promote learning.

Increasing fidelity may benefit confidence (Mather and McCarthy 2021), learning (Mills et al. 2016) and cost-effectiveness (Isaranuwatchai et al. 2014); however, feedback, in one of many forms, remains vital for crystallising learning (Atthill et al. 2021).

The educational benefits of XR are dependent on learner demographics, including prior videogame experience, musical instrument playing (Madan et al. 2008; Winkler-Schwartz et al. 2016), and learner age (Cobb et al. 2009); older computers may reduce effectiveness (Kidd et al. 2012). Educators must therefore prioritise inclusivity of any implemented XR.

XR in healthcare education

XR was first developed as a medical education tool by military organisations to train orthopaedic and battlefield medicine, which has led to virtual disaster triage packages (Gout et al. 2020) and paramedical training (Mills et al. 2020). As consumer HMDs’ popularity reduced costs, XR extended into postgraduate surgical education (Lesch et al. 2020); with the advent of the COVID-19 pandemic, significant external pressure towards remote and virtual learning further promoted the uptake of XR in medical education (Bala et al. 2021).

KNOWLEDGE

There is low-to-moderate grade evidence that VR as an overall modality improves postintervention medical knowledge and skills, compared with traditional or digital educational approaches (Kyaw et al. 2019b); XR technology can also prolong learning retention (Gan et al. 2023).

XR can provide an innovative method for providing more engaging problem-based learning (Alverson et al. 2008; Conradi et al. 2009) and interprofessional learning (Williams et al. 2020; Bjorklund and Silen 2021). These interventions can improve knowledge in basic sciences, particularly anatomy (Moro et al. 2017; Imai et al. 2022; Kolecki et al. 2022) – which can improve clinical examination skills (Chen et al. 2021) and biopsy skills (Farshad-Amacker et al. 2023) – and neuroanatomy (Kockro et al. 2015); dermatology (Garg 2010), embryology (Ryan et al. 2023), pathology (Wilson et al. 2020; Pfeil et al. 2024), pharmacology (Richardson et al. 2013; Bernaitis et al. 2018; Hanson et al. 2019; Hanson et al. 2020; Rakofsky et al. 2020; Kim et al. 2023), physiology (Nakhoul et al. 2022), pathophysiology (Jayasundera et al. 2022), parasitology (Sattar et al. 2019), and radiology (Drapkin et al. 2015). It can also be used for patient education for a variety of conditions (Lau et al. 2021; Saab 2021; Vandeweerdt et al. 2022).

ATTITUDES

XR modalities can increase healthcare student exposure to LGBTQI+ patients (Jones et al. 2014; Hannans 2023); vulnerable patient groups (Chuah et al. 2013; Drewett et al. 2018), including children (Yang et al. 2021) who are otherwise difficult to simulate with actors, mental illness sufferers (Lee et al. 2020), and patients at the end of their lives (Clabburn et al. 2020; Elzie and Shaia 2021); and racially diverse patients (Hollister et al. 2022), which can improve empathy towards racial minorities (Roswell et al. 2020). XR interventions can increase the volume of student exposure to intimate examinations, including prostate (Robb et al. 2013), vaginal (Cheung et al. 2023) and breast (Deladisma et al. 2009) examinations; they can also provide risk-free exposure to potentially dangerous health service users (Clay et al. 2021).

XR solutions can improve student empathy towards various groups of patients, including children, pregnant women (Chang et al. 2022), perioperative patients (Kim et al. 2021), older patients (Washington and Shaw 2019), patients with diseases including diabetes (McCalla et al. 2023) and dementia (Newman et al. 2021; Chan et al. 2023; Nakazawa et al. 2023), and patients at the end of life (Minukhin 2020). XR can improve empathy and reduce stigma towards mental health (Silva et al. 2017; Zare-Bidaki et al. 2022; Rodriguez-Rivas et al. 2024), and disability (McLaughlin et al. 2020). XR education of healthcare workers can reduce parental vaccine refusal for children (Real et al. 2017).

XR packages can target student attitudes towards the social determinants of health (Buitron de la Vega et al. 2022), climate change and sustainability (Lee et al. 2024), antimicrobial guardianship (Kyaw et al. 2019c), and resource stewardship (Zhou et al. 2019). They can also increase student interest in under-staffed specialities (Hardcastle and Wood 2018; Washington and Shaw 2019; Deuchler et al. 2022): this extends to secondary school students, where interventions can increase the diversity applicants to healthcare programs (Metcalfe 2016).

PERFORMANCE

Recent studies have found that VR is superior to traditional education for procedural skills – though there is less evidence for undergraduate skills (Zhao et al. 2021). For non-technical skills, XR can improve orientation and initial learner confidence in wayfinding (Halfer and Rosenheck 2014), and norms in operating theatres and procedure rooms (Francis et al. 2020; Fukuta et al. 2021); it can also improve leadership skills (Thomson 2023), and team VR training can reduce error rates through improved teamworking skills (Edwards et al. 2023).

Performance in XR simulation can correlate knowledge and performance of clinical skills (Lowe et al. 2020), so can be used for assessment of clinical skills (Botezatu et al. 2010), including safe patient escalation (Zackoff et al. 2021), leading to the development of remote and virtual Objective Structured Clinical Examinations (OSCEs) (Kazemi et al. 2010; McGrath et al. 2015; Rakofsky et al. 2020; García-Seoane et al. 2021). These results can help determine selection of surgical trainees (McClusky et al. 2005; Winkler-Schwartz et al. 2016).

360 degree videos, often viewed on HMDs, and often self-authored by educational institutions, are a particularly successful modality: they can improve learner interest and engagement (Taubert et al. 2019; Curran et al. 2022); overall exam performance (Petrica et al. 2021; Trapero et al. 2023), communication skills performance (Sultan et al. 2019), and can encourage the incorporation of medical ethics into clinical decision-making (Torda 2020). They are superior to 2D video for pre-learning of nasogastric tube insertion (Y.C. Chao et al. 2021), suturing (Yoganathan et al. 2018), and universal precautions (Omori et al. 2023); they are equivalent to 2D video for pre-learning of Surgical Scrub (Harrison et al. 2017) and respiratory examination (Chen et al. 2017). As a standalone self-directed resource, they are superior to traditional simulation alone for trauma skills training (Hainsworth et al. 2022), and equivalent to hybrid simulation for clinical reasoning in opioid overdose (Giordano et al. 2020). Viewing radiological and surgical images and models on HMDs is superior to viewing the same on computer screens (Imai et al. 2022).

Telestration and telementoring of procedures (Schoeb et al. 2020; Glick et al. 2021), where experts live-stream their perspective to students, or students stream their view to experts (Hale et al. 2022), can improve learning, including through teaching students where to look during procedures (Felinska et al. 2023); in low-resource, remote, or socially-distanced settings, virtual wards and ward rounds, and bedside and grand round teaching, can compensate for reduced clinical exposure (Bala et al. 2021).

MISCONCEPTIONS

Most Virtual Patient (VP) packages involve linear or branching and looping text screens with associated images, and interventions can improve knowledge (Horstmann et al. 2009; Menendez et al. 2015; Berman and Artino 2018), clinical reasoning (Forsberg et al. 2011), cultural competence (Rothlind et al. 2021), and metacognition (Yeo and Jang 2023). VPs can foster interprofessional learning (Tran et al. 2020), and can be used for assessment (Botezatu et al. 2010). However, screen text and multimedia VPs don’t create a reality, so don’t capitalise on the affordances of XR, including greater opportunities for experiential learning, contextualisation of learning, practical skills performance, spatial knowledge representation, and conceptual understanding (Birt et al. 2017). Similarly, some ‘virtual’ solutions, including virtual learning environments and virtual workstations (Strickland et al. 2015), are better described as ‘online’ solutions, and do not constitute XR.

Implementing XR for Clinical Skills teaching in our institution

The General Medical Council (GMC) stipulates the outcomes for UK medical graduates (General Medical Council 2018). Our team works to deliver a GMC-accredited Clinical Skills curriculum for undergraduate UK medical students. We were tasked with identifying and implementing appropriate XR solutions into the taught curriculum, which will be increasingly common among undergraduate medical school teams (Jiang et al. 2022). This informs our research question: ‘Which XR packages should be implemented for UK undergraduate clinical skills teaching, and how should they be implemented?’

In order to identify the most appropriate solutions for our institution, and to overcome potential barriers to implementation, it is vital to consider various context, infrastructure, education, and learner factors (see Figure 2).

Our learners posses a variety of individual characteristics, and different XR solutions will benefit each differently; however, as a cohort their demographic characteristics are comparable to other undergraduate healthcare learners, with no significant differences between successive cohorts.

XR potentially offers interactive solutions to the increasing pressures of student numbers and budget (Pottle 2019). Given this – and the attraction of XR in healthcare course recruitment and advertising materials (Office for Students 2019; Moreira et al. 2022; University of Exeter 2025; Brunel University of London 2025) – the programme’s strategic vision demands inclusion of XR education modalities. Each solution will include different content, targeting one or more of the 23 procedural skills the GMC mandates students be competent in by graduation (General Medical Council 2019), or the associated non-GMC-mandated ‘clinical skills’ which encompass the remaining skills required for encounters with patients (Ahmed 2008): these form the potential learning outcomes of interest.

Our team does not include learning technologists, and we have minimal faculty time or in-house technical, programming, or editing expertise available for software or hardware development. We must therefore rely on ‘off-the-shelf’ or ‘black-box’ XR solutions, which are relatively inflexible but which can be reliably implemented with similar results within most infrastructures without such expertise; this approach also benefits from reducing up-front development costs, and reducing curriculum integration time (Meccawy 2022). Using off-the-shelf solutions with minimal customisability ensures standardisation of implementation, compared with proprietary in-house solutions (Curran et al. 2023; Lang et al. 2024); therefore, the evidence base for black-box solutions may be more reliable for our use case, and more directly applicable to other institutions.
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Our institutional norms include teaching clinical skills using mostly traditional methods: facilitated practice with physical models and clinical equipment, with some online videos highlighted for pre-reading. We anticipated one barrier to challenging this norm and implementing XR in healthcare education would be the limited evidence base for its efficacy (Hansen 2008; Sarkar et al. 2021), discussed above.

Our task was to identify from the available literature the ‘best’ XR packages for implementation at our institution. This presupposes a positivistic paradigm where one XR package might be truly and consistently superior to other approaches, and where the evidence for its superiority in one context (for example, another instutution with different learners and systems) remains valid in another (Brown and Dueñas 2020).

Constraining our solutions of interest to only ‘off-the-shelf’ packages results in numerous relatively discrete and inflexible packages. Of these products, we believe it is reasonable to assume that some will be intrinsically higher-quality, underpinned by more rigorous educational theory, with more relevant regionalised content, complexity level, or other pertinent factors. Given the relative inflexibility of these packages, we further believe it is likely that the evidence for these interventions in one context will still be applicable in another similar context.

As with most novel educational interventions, research from early adoptors focuses on, and often identifies, good learner satisfaction (Kirkpatrick Level 1) (Kirkpatrick 1959) and feasibility (Elston 2021). Pragmatically, it is reasonable to replace traditional teaching with XR or face-to-face teaching with Self-Directed Learning (SDL), if it is preferred by students and noninferior for learning outcomes, and / or cheaper. However, some XR packages have evidence for inferiority compared to traditional methods at various Kirkpatrick Levels (Macnamara et al. 2021; Macnamara et al. 2023).

In summary, this review of XR solutions seeks to evaluate research into educational content and instructional design, given the fixed context, infrastructure, and learners UK undergraduate clinical skills teams work within, for the XR modality. We aim to identify the most appropriate XR solutions to recommend for implementation into UK undergraduate clinical skills teaching, which are

1) ‘off-the-shelf’ with no need for programming expertise, 

2) evaluated at Kirkpatrick Levels 2–4 to exclude inferiority versus traditional methods, and 

3) where researchers describe their implementation methods to allow replication in other institutions.


Objectives


	Identify extant XR solutions with evidence for efficacy in teaching clinical skills relevant to our UK undergraduate students.

	Make recommendations for inclusion of XR into our undergraduate clinical skills curriculum, in-session and for self-directed learning.



Methods

This study was not registered and did not follow a published protocol. It is reported according to the interim guidance on reporting rapid reviews (RRs) published by PRIMSA-RR working group (Stevens et al. 2025). RRs are used to aid evidence-informed decision-making in a high-priority area, by efficiently synthesising the evidence for a narrowly-defined single research question, integrating generalised evidence with local context considerations, where the pace of change is rapid (Wollscheid and Tripney 2021; Cirkony et al. 2022). A RR is therefore appropriate for this review.

Studies were judged against the below eligibility criteria (see Table 1).

We developed a targeted search strategy of 4 well-indexed electronic bibliographic databases, according to similar educational rapid review protocols (Wollscheid and Tripney 2021) (see Appendix 1 for database search strategy). Sources of evidence were selected by sequential removal of duplicate articles, screening of titles, screening of abstracts, and screening of full text articles.

All our university’s clinical skills teaching sessions for all five years were extracted from faculty lesson plan resources, divided by OSCE domain. Similar sessions from the spiral curriculum were merged (e.g. ECG rhythm analysis and ECG morphology analysis were merged to form ECG analysis) to identify all potential in-session XR targets. The 23 GMC-mandated procedural skills were extracted to identify any skills XR might target which the curriculum does not currently cover; however, all 23 skills were identified in lesson plans across the clinical skills curriculum. Included studies were charted within this framework, with data items extracted according to study population, intervention (including classification of XR modality), comparison, and outcome. Clinical skills teaching sessions for which no evidence was identified for relevant XR interventions were removed from the resultant table for clarity.
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Extracted articles were assessed against a critical appraisal tool for articles on educational interventions (Morrison et al. 1999). Studies with a high or medium weight of evidence were included in a narrative synthesis.

Results

MEDLINE, EMBASE, ERIC, and the British Education Index were searched according to the search strategy, yielding 7167 records. 303 duplicates were removed, and a further 6179 records were excluded on title screening. 685 articles were reviewed, of which 645 were excluded according to the inclusion and exclusion criteria, leaving 40 studies (see Figure 3), whose data were extracted in Table 2. Of these, 17 were excluded after critical appraisal, leaving 24 studies in the narrative synthesis.
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Narrative Synthesis

We assessed extracted articles against Morrison et al.’s (1999) critical appraisal tool for educational interventions (see Table 3), which is summarised in Figure 4.

The search strategy described above ensured extracted studies scored highly for a clearly focused research question (investigating XR for clinical skills), in a sufficiently similar setting to our institution, and that there were minimal additional resources required to adopt the intervention (beside the software/hardware solution under investigation).

Studies consistently argued a case for the learning intervention based on learner needs; our review seeks to identify interventions for teaching mandated skills, making the learning need self-evident where this case was not made.
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Descriptions of the educational context for the interventions (including learner level, logistics and structure of intervention, context within the wider curriculum and previous teaching on the subject), and the precise nature of the intervention (including length, intensity, and content) were consistently well-reported among studies appraised, ensuring the applicability of those studies’ findings in practice ourselves.

Study designs were of variable quality. Several studies intended to determine effects on skill performance which collected satisfaction, knowledge, or self-assessed survey data. Some control arms included ‘traditional’ teaching methods with significantly lower interactivity, or for less time than the intervention arm; or no teaching (in the case of voluntary additional XR teaching courses), introducing confounding factors. Few studies assessed learning retention over time.

Similarly, some studies assessed intervention and control arms on XR performance, which introduces familiarity bias – students in the intervention arm may have scored higher simply through familiarity with devices and software. Some studies used assessment metrics provided by XR software (e.g. identification of retinal pathology on XR screens) to judge students’ performance, which may not correlate with real-life clinical practice. Some studies’ assessments may have been appropriate (e.g. pre- and post- learning quizzes, practical assessments marked by clinicians, etc.), but were not validated.

These concerns were inconsistently explored in studies, some of which did not explicitly recognise the weaknesses inherent to study design and methodology, or discuss the biases introduced and the alternative explanations which could therefore (at least partially) explain their findings.

Unanticipated outcomes were poorly explained in a high proportion of studies. Unanticipated outcomes of interest included subgroup analyses showing variable intervention impact for different learner groups, or variable impact across different domains assessed; or differential learner engagement, or behavioural change (including satisfaction and knowledge) across subgroups, modalities, or timeframes. For example, some studies identified inferior immediate performance improvement with XR compared to control, but reported a primary outcome of noninferior long-term learning with XR.

Many studies intended to identify skill performance improvement instead assessed satisfaction and knowledge (e.g. identification of correct sequencing of skill elements), making their applicability to skill performance interventions uncertain.

The minority of studies included power calculations and sufficient participants; many were pilot studies, or noninferiority studies which were not powered to identify superiority of XR interventions. This is likely influenced by ethical, logistical, institutional, and wider regulatory factors (e.g. the ability to randomise students to inferior learning methods, low student numbers in a given year’s cohort at an institution, and the need for compliance with curriculum accreditation requirements). Study results were consequently often imprecise. However, given the positive affordances of XR described above, noninferiority of performance improvement may be sufficient to recommend replacement of traditional methods in curricula.

In total, 17 studies did not meet the threshold for inclusion in our recommendations. The remaining 24 studies included in this review demonstrate that XR may be selectively implemented in clinical skills sessions, or used for SDL. Currently available products with reasonable evidence for efficacy are as follows:


	For communication skills session, MPathic-VR.

	For examination skills, EyeSi for ophthalmoscopy, virtual patient examination approaches to ‘heart sounds and murmurs’ and ‘cardiorespiratory assessment’, for example using Student Auscultation Manikins, wearable simulators, or technology-enhanced stethoscopes.

	For practical skills, LifeSaver VR pre-training and Ludus CPR in-session (and keeping traditional teaching on defibrillation, given evidence for superiority of traditional approaches), Axon Park VR for standard precautions and PPE donning and doffing, the Touch Surgery app for catheterisation, 3D MedSim 3D IV Catheterisation app for cannulation, Vantari VR for Arterial Blood Gas, the mARble-derma and mARble-forensics apps for wound care, and VitaSim for ultrasound cannulation.

	For clinical reasoning, Second Life for X-ray interpretation, and interprofessional learning; Body Interact for assessment of acutely unwell patients.



If the pressures of increasing student numbers with a fixed availability of clinical placements, and in-session contact time require, UK medical schools could consider replacing current in-person sessions with SDL XR packages with evidence for equivalent outcomes with SDL use versus traditional teaching, specifically:


	HTC Basic Life Support VR (4 Help VR) for BLS;

	Axon Park VR for standard precautions;

	Touch Surgery app for catheterisation;

	mARble-Forensics and mARble-Derma for wound assessment;

	VitaSim for ultrasound cannulation;

	DIVA or SieVRt for X-ray interpretation;

	Body Interact, or EMERGE app for ABCDE assessment.



Discussion

The NHS Long Term Workforce Plan necessitates increasing medical student numbers in shorter training programmes, alongside an expansion of medical associate profession roles (NHS England 2023). Maintaining graduate quality and competence will require high-quality, scalable training resources.

A key untapped strategy for improving clinical skills session resources is blended learning, with TEL materials for use before, during, and after sessions (Vallée et al. 2020). As discussed above, HMD 360-degree video and telestration are successful approaches to TEL. Although excluded from the review, various studies extracted demonstrated HMD video to be equivalent to tutor-supported or traditional teaching (Peden et al. 2016; Peters et al. 2023), online mAR SDL to be superior to F2F mAR for some aspects of wound care (Rodriguez-Abad et al. 2023), and video plus mannequin self-training to be equivalent to traditional training for PBLS (Vestergaard et al. 2011).

Within a blended curriculum, VPs can be made more immersive to improve learning (Stevens et al. 2006). Immersive VPs and 360-degree videos could be published for online student interaction as an SDL resource, accessed via university-issued HMDs or tablet devices. These pre- and post-session resources could target any combination of knowledge, attitudes, and performance, be informed by game theory, and include on-screen assessments.

There is already evidence that high-quality simulation could replace up to 50% of undergraduate nursing clinical training (Alexander et al. 2015); with clinical placements already saturated with medical students, simulated experiences will have to become a far larger factor in students’ learning. In-session, one of the unique affordances of the clinical skills lab is technology-enhanced simulation, and increased fidelity where performance improvement is desired over knowledge improvement (Mitchell and Ivimey-Cook 2023).

Each of these should be evaluated for cost per student per session, and those meeting an acceptable cost threshold should be implemented in undergraduate clinical skills curricula. They should then be evaluated for efficacy in improving student performance in the associated skill, at various Kirkpatrick assessment levels (Smidt et al. 2009), including performance in summative OSCE stations.

Finally, emerging technologies including 3D printing (Ramesh et al. 2022), and generative AI (Liaw et al. 2023a; Liaw et al. 2023b), which can be combined with VR (Mergen et al. 2023), deserve investigation for their potential to increase cost-efficiency of educational resources, and efficiency of contact time and tutor oversight of interactive SDL resources.

Limitations

The gold standard evidence would be to prospectively compare learners’ patient outcomes in a double-blind randomised controlled trial versus traditional methods and alternative XR solutions; for the reasons noted in the critical appraisal above, ethical and logistical challenges rarely allows for this in the studies assessed. Furthermore, these studies – and medical education literature broadly – rarely identifies improvements in patient outcomes from teaching interventions, which is the end goal of such interventions (Simons et al. 2019).

This review makes no assessment of the cost-benefit relationship of the XR packages, other than to determine if there is educational benefit versus the relevant study comparator. This should be considered when commissioning teaching packages, and may involve evaluation of the relative learning needs of current students: for example, by using successive year groups’ OSCE station scores to identify cohorts struggling with a particular skill. Where a deficit is identified, interventions to improve student performance are likely to be greater, increasing the benefit per cost.

This review approached the literature for XR solutions from a positivistic paradigm, in order to identify the ‘best’ packages for implementation at our institution, as we believed this was the most relevant approach for our current situation and other institutions, to make concrete recommendations for packages to implement. Although these packages are discrete and inflexible, it is likely that the methods of implementation have a significant effect on efficacy. We also restricted the evidence assessed to Kirkpatrick Levels 2–4 in order to control for the known effects of learner enthusiasm for novel-intervention. Given the complexity of these interventions, a future research project which tackles how to implement XR solutions could review these studies, applying an interpretivist paradigm, and be no less valid (Bunniss and Kelly 2010).

‘Off-the-shelf’ or ‘black-box’ solutions have many limitations, including recurring subscription costs, planned and unplanned obsolescence, and inflexibility of content including regionality of languages, dialects, and medical management guidelines. If undergraduate medical schools intend for XR to become a major part of their curricula, they may benefit from employing learning technologists (including game-based learning experts), computer programmers and 3D modellers – and researchers in order to validate in-house solutions. A small ecosystem of compatible 3D model resources, programs to display these in XR, and hardware to run this software, may be all that is needed for initial development of teaching resources.

A challenge for the recommendations above is the pace of change and innovation in this sector: commercially available packages, particularly those where the evidence identified shows no benefit of their use – and especially open-source repositories – are regularly being bought, sold, discontinued, updated, and abandoned. The wide range of current offerings are unlikely to survive the next 10 years of development, which curtails institutional enthusiasm to adoption; inversely, by evolutionary pressure, the longer a package remains commercially viable, the more likely it is to be useful.

Conclusions

This review recommends multiple parallel approaches for applying blended learning and TEL principles to UK undergraduate clinical skills curricula. Various XR solutions have been identified with potential educational benefit. Further research should evaluate currently implemented XR packages across UK medical schools, assess the recommended products for cost-effectiveness, and validate additional packages once implemented.
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