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Practical considerations of clinical
XR (AR/VR) deployments

Joseph W. Morgan®*, Rahul A. Patel' and Scott Campbell?

'Waya Health, Boone, NC, United States, *Turing Biosystems, London, United Kingdom

Extended Reality (XR), which includes both Augmented Reality (AR) and Virtual
Reality (VR), shows great promise in healthcare, with applications ranging from
surgical simulations to patient rehabilitation and education. To ensure successful
deployment, it is essential to address a wide range of different challenges,
including those related to clinical efficacy, safety, ethics, technical
requirements, institutional demands, provider and hardware considerations, as
well as regulatory and reimbursement issues, all within the broader context of the
healthcare system. Artificial intelligence, monopolistic payers, and the lack of a
clear boundary between the consumer and healthcare spaces all represent both
new challenges as well as opportunities. To fully harness XR's potential,
collaboration among technologists, clinicians, and policymakers is essential,
ensuring the technology enhances patient care and education while
maintaining safety and effectiveness.
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1 Introduction

Extended Reality (XR), encompassing both Augmented Reality (AR) and Virtual Reality
(VR), has shown significant promise in clinical settings. Its applications range from surgical
simulations and medical training to patient assessments, rehabilitation and therapeutic
interventions (Figure 1 below illustrates the overall landscape of the XR within the
healthcare space). However, the deployment of XR in clinical environments necessitates
careful consideration of several practical aspects to ensure usability, efficacy, safety, and user
acceptance. While there is a myriad of available literature surrounding the use of XR for
clinical scenarios, illnesses, or disease states, there is a paucity of available information
surrounding the practical translation of these advances to the bedside. From the perspective
of clinicians that build solutions, this overview explores some of the common challenges,
considerations, and approaches to overcome these challenges to accelerate the development
of health applications leveraging XR. We begin with a brief literature review to illustrate
clinical potential; we then dive into a discussion surrounding practical considerations and
offer potential approaches to overcome them. Given the need, we aim for a broadly
applicable perspective that delivers value for clinicians, developers, and institutional
decision makers alike.

2 Literature review

While an in-depth systematic literature review is beyond the scope of this article, the
unstructured literature review in Table 1 below titled “Literature Overview Demonstrating
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Extended Reality (XR) in Healthcare

CLINICAL EDUCATION
XR User: Trainee/Student

Goal: Augment teaching and skills-
based learning

Example(s): Simulation training for
procedures, anatomic visualization for
medical students

FIGURE 1
Landscape of the XR in healthcare space.

Broad Applicability of XR Within Multiple Healthcare Domains” is
meant to demonstrate some of the diversity and breadth of clinical
applicability of XR within healthcare.

3 Discussion

The practical challenges facing XR applications within
healthcare largely stem from this diverse set of possible use cases,
from institutional policies, and from the patients and providers
themselves. Please refer to Table 2: Challenges, Considerations, and
Potential Approaches or Solutions for Applications in XR for
Healthcare below. This includes designing intuitive interfaces for
individuals with varying levels of technical proficiency as well as
ensuring accessibility for individuals with physical disabilities.
Research has shown that immersive technologies can significantly
improve engagement and learning outcomes, making them highly
effective for medical education and training. For example, AR has
been utilized to overlay anatomical structures onto patients, aiding
in anatomical education and pre-surgical planning (Peterson and
Mlynarczyk, 2016; Moro et al,, 2017). Additionally, the design of
experiences for clinically related XR systems must be optimized to
prevent fatigue, adverse events, and discomfort during use (Chen
and Wu, 2023).

Appropriate hardware is essential for translating the potential of
the technology into actual capabilities that can benefit patients. This
represents a significant challenge given the hardware manufacturers
propensity to protect (or limit) access data, and capabilities native to
the device itself that may be essential for the implementation of
certain use cases. Software interoperability with existing systems like
Electronic Health Records (EHR) is also crucial to streamline
workflows and avoid errors, yet developing standardized
protocols for data flow and compatibility remains a complex set
of tasks that has not yet been achieved at scale (Figure 2 below is a
flattened diagram depicting the multifactorial nature of data as it
relates to XR within the healthcare landscape). Fortunately, initial
efforts such as the recently published taxonomy defining the
landscape of medical extended reality (Spiegel et al., 2024) are an
important step in the right direction that lay the foundation needed
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PROVIDER TASKS

XR User: Clinician/Provider

Goal: Provider support

Example(s): Surgical planning tools,

AR overlays during procedures, 3D
visualization of disease process

PATIENT-CENTERED
XR User: Patient

Goal: Enhance and create new
modalities for patient care

Example(s): pain, rehabilitation,
anxiety, PTSD, assessments, care
tools, telehealth

to be able to move forward. Protecting sensitive patient information
within XR applications necessitates data security measures, which
can be both technically demanding and resource-intensive to
implement. Issues relating to security can further compound to
additionally represent a significant potential source of technical debt
given the lack of clear and widely accepted standards. Furthermore,
achieving low latency and high performance for real-time
interactions is challenging, requiring widespread high-bandwidth
connectivity and advanced computing infrastructure that may not
be readily available, especially in resource-constrained settings (e.g.,
rural areas). Usability and user training are also significant concerns,
as complex interfaces and steep learning curves can hinder adoption,
necessitating simple user-friendly designs and comprehensive
training programs that are neither too time-consuming or costly.
Additionally, ongoing maintenance and support are vital to ensuring
continued functionality, which demand dedicated resources and
expertise. Addressing these challenges is essential for successful XR
deployment in clinical practice, necessitating collaborative efforts
healthcare leaders and
policymakers to develop reliable, secure, and effective solutions

among technologists, clinicians,
that meet the challenges of healthcare environments.

Clinical efficacy, expanding provider reach and capabilities, and
evidence-based validation are all crucial for the acceptance and
widespread adoption of XR in healthcare. The clinical efficacy for
XR-based therapies has been demonstrated for a variety of use-cases
spanning many specialties and settings. For instance, VR has been
used successfully for pain management and physical rehabilitation,
offering therapeutic exercises in a virtual environment that
motivates patients to adhere to treatment regimens (Chan et al.,
2018; Fernandez-Alvarez et al.,, 2019). The potential for greater
provider capability and greater patient access comes from a variety
of different elements. Remote surgery assistance allows surgeons to
receive real-time guidance from remotely located specialists, giving
widespread access to specialized knowledge. XR provides interactive
and immersive educational content for patients, enhancing their
understanding of conditions and treatments for better compliance
and engagement, and aids in preoperative planning by enabling
surgeons to visualize complex anatomy and plan procedures. XR
offers personalized rehabilitation programs that engage patients and
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TABLE 1 Literature overview demonstrating broad applicability of XR within multiple healthcare domains.

Clinical domain  Author(s) Volume
(issue)
XR for Pain, Anxiety, Alaterre C, Duceau B, Sung Tsai E, et al. | Virtual Reality for Peripheral Regional J Clin Med. 2020 9(1)
Procedures, Pediatrics Anesthesia (VR-PERLA Study).
Grassini S Virtual Reality Assisted Non-Pharmacological Int ] Environ Res Public | 2022 19(7)
Treatments in Chronic Pain Management: A Health.
Systematic Review.
Eijlers R, Utens EMW], Staals LM, et al. | Systematic Review and Meta-analysis of Virtual = Anesth Analg. 2019 129(5)
Reality in Pediatrics: Effects on Pain and Anxiety.
Huang Q, Lin J, Han R, Peng C, Using Virtual Reality Exposure Therapy in Pain = Value Health. 2022 25(2)
Huang A Management: A Systematic Review and Meta-
Analysis.
McCullough M, Osborne TF, Rawlins C, | The Impact of Virtual Reality on the Patientsand = ] Hand Surg Glob 2023 5(3)
Reitz R] 3rd, Fox PM, Curtin C Providers Experience in Wide-Awake, Local- Online.
Only Hand.
Mohammad BE, Ahmad M Virtual reality as a distraction technique for pain = Palliative & Supportive = 2019 17(1)
and anxiety among patients with breast cancer. = Care.
Mosso Vézquez JL, Mosso Lara D, Pain Distraction During Ambulatory Surgery: Cyberpsychol Behav 2019 22(1)
Mosso Lara JL, Miller I, Wiederhold Virtual Reality and Mobile Devices. Soc Netw.
MD, Wiederhold BK
Rao DG, Havale R, Nagaraj M, et al. Assessment of Efficacy of Virtual Reality Int J Clin Pediatr Dent. = 2019 12(6)
Distraction in Reducing Pain Perception and
Anxiety in Children.
Rawlins C, Veigulis Z, et al. Effect of Immersive Virtual Reality on Pain and = Frontiers in Virtual 2021 2
Anxiety at a Veterans Affairs Healthcare Facility. = Reality
Rousseaux F, Dardenne N, Massion PB, | Virtual reality and hypnosis for anxiety and pain | Eur ] Anaesthesiol. 2022 39(1)
et al. management in intensive care units.
Shetty V, Suresh LR, Hegde AM Effect of Virtual Reality Distraction on Pain and | J Clin Pediatr Dent. 2019 43(2)
Anxiety During Dental Treatment in
5-8 Year Old.
Tas FQ, van Eijk CAM, Staals LM, et al. | Virtual reality in pediatrics, effects on pain and = Paediatr Anaesth. 2022 32(12)
anxiety: A systematic review and meta-analysis
update.
XR for Rehabilitation Ahmad MA, Singh DKA, Mohd Nordin | Virtual Reality Games as an Adjunct in Int ] Environ Res Public | 2019 16(24)
NA, Hooi Nee K, Ibrahim N Improving Upper Limb Function and General | Health.
Health among Stroke.
Chen J, Or CK, Chen T Effectiveness of Using Virtual Reality-Supported | ] Med Internet Res. 2022 24(6)
Exercise Therapy for Upper Extremity Motor
Rehabilitation.
Chen X, Liu F, Lin S, Yu L, Lin R Effects of Virtual Reality Rehabilitation Training = Arch Phys Med 2022 103(7)
on Cognitive Function and Activities of Daily Rehabil.
Living.
Choi JY, Yi SH, Ao L, Tang X, Xu X, Virtual reality rehabilitation in children with Dev Med Child Neurol. | 2021 63(4)
Shim D, Yoo B, Park ES, Rha DW brain injury: a randomized controlled trial.
Demeco A, Zola L, Frizziero A, et al. Immersive Virtual Reality in Post-Stroke Sensors (Basel). 2023 23(3)
Rehabilitation: A Systematic Review.
Feitosa JA, Fernandes CA, Casseb RF, Effects of virtual reality-based motor J Neural Eng. 2022 19(1)
Castellano G rehabilitation: a systematic review of fMRI
studies.
Lee HS, Park Y], Park SW The Effects of Virtual Reality Training on Biomed Res Int. 2019 2019
Function in Chronic Stroke Patients: A
Systematic Review.
Lei C, Sunzi K, Dai F, et al. Effects of virtual reality rehabilitation training on = PLoS One. 2019 14(11)

gait and balance in patients with Parkinson’s.
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TABLE 1 (Continued) Literature overview demonstrating broad applicability of XR within multiple healthcare domains.

Clinical domain

10.3389/frvir.2025.1517402

XR for Mental Health

Author(s) Volume
(issue)
Triegaardt J, Han TS, Sada C, Sharma S, | The role of virtual reality on outcomes in Neurol Sci. 2020 41(3)
Sharma P rehabilitation of Parkinson’s disease.
Boeldt D, McMahon E, McFaul M, Using Virtual Reality Exposure Therapy to Front Psychiatry. 2019 10
Greenleaf W Enhance Treatment of Anxiety Disorders.
Carl E, Stein AT, Levihn-Coon A, et al. | Virtual reality exposure therapy for anxiety and = ] Anxiety Disord. 2019 61
related disorders.
Cieslik B, Mazurek J, Rutkowski S, et al. | Virtual reality in psychiatric disorders: A Complement 2020 52
systematic review of reviews. Ther Med.
Clus D, Larsen ME, Lemey C, The Use of Virtual Reality in Patients with Eating = ] Med Internet Res. 2018 20(4)
Berrouiguet S Disorders: Systematic Review.
Eshuis LV, van Gelderen MJ, van Zuiden | Efficacy of immersive PTSD treatments: A J Psychiatr Res. 2021 143
M, et al. systematic review of virtual and augmented
reality exposure therapy.
Geraets CNW, Veling W, Witlox M, Virtual reality-based cognitive behavioural Behav Cogn 2019 47(6)
et al. therapy for patients with generalized social Psychother.
anxiety disorder.
van Loenen I, Scholten W, Muntingh A, | The Effectiveness of Virtual Reality Exposure- ] Med Internet Res. 2022 24(2)
Smit J, Batelaan N Based Cognitive Behavioral Therapy.
Maples-Keller JL, Yasinski C, Manjin N, | Virtual Reality-Enhanced Extinction of Phobias = Neurotherapeutics. 2017 14(3)
Rothbaum BO and Post-Traumatic Stress.
Pot-Kolder RMCA, Geraets CNW, Virtual-reality-based cognitive behavioural Lancet Psychiatry. 2018 5(3)
Veling W, et al. therapy versus waiting list control.
Wiebe A, Kannen K, Selaskowski B, etal. | Virtual reality in the diagnostic and therapy for =~ Clin Psychol Rev. 2022 98
mental disorders: A systematic review.

track their progress in real-time. Furthermore, XR can simulate
emergency scenarios for first responders, offering realistic training
that improves readiness and decision-making in real emergencies.
Given the promise, there is also a need for more clinical trials and
rigorous research to establish the effectiveness of XR interventions
and their impact on patient outcomes. Ideally, this evidence base will
also support the development of guidelines and best practices for the
use of XR in healthcare. With growing organizational efforts such as
the Journal of Medical Extended Reality, the International Virtual
Reality Healthcare Association, and the Medical Device Innovation
Consortium, this space seems well prepared to evaluate, critique, and
standardize many of the processes relating to evidence-based
validation.
Furthermore, cost considerations, including the 1initial
investment in XR technology, ongoing maintenance, and training
for healthcare personnel, must be weighed against the potential
benefits. Budget constraints and the return on investment (ROI) are
significant factors influencing the decision to adopt XR in clinical
practice within both public and private sectors. While the cost-
benefit ratio must be assessed, it must also consider long-term
savings from improved training outcomes, reduced complication
rates, and enhanced patient care (including improvements in patient
experience). Additionally, XR can decentralize care, expand access,
automate processes, and improve productivity-which are also key
considerations for any long-term healthcare vision.

Regulatory and ethical considerations present challenges that
come with specific advantages and disadvantages. Regulatory bodies
need to develop clear frameworks for the approval and oversight of

Frontiers in Virtual Reality

XR applications in healthcare. On the one hand, stringent
regulations aim to ensure patient safety, efficacy and consistency
in quality, fostering trust among healthcare providers and patients.
On the other hand, these regulations can slow down the adoption of
innovative technologies and increase the cost and complexity of
development and compliance. Any slowdowns are particularly
costly given the constant stream of new hardware, and the
potential inability to market obsolete technology once regulatory
approvals are granted. While this is not a reason or justification for a
less rigorous evaluation of safety and/or efficacy, it is an important
stakeholder consideration that can likely be addressed through
forward-thinking regulatory frameworks that maintain high
standards for safety and efficacy while facilitating appropriate
clearances in a way that helps to level disparities through
improvements in access to care.

Lack of a clear boundary between healthcare and consumer-
facing applications represents a potentially existential challenge for
XR in healthcare startups. Afterall, who would go through the
trouble of developing an application subject to all the types of
challenges unique to healthcare only to have their clientele decide
that free or extremely low-cost consumer facing applications are
adequate despite their lack of domain specificity and diligence?
While regulatory barriers and upfront “market research” may help
to classify the obvious (e.g., an app to guide surgeons during
complex procedures, vs. a relaxation app that plays 360 videos),
this ambiguity will likely continue to represent a significant risk for
even the most diligent teams developing solutions at the
bleeding edge.
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TABLE 2 Challenges, considerations, and potential approaches or solutions for applications in XR for healthcare.

Challenge type

Considerations

Potential approaches or Solution(s)

Connectivity

Hardware Company and
Form Factor

Hardware Specifications

PHI, institutional policies, interdepartmental communication and
coordination

Tether vs. Standalone, Form Factor, Enterprise “friendliness”,
Agnosticism & Lock-in

Note: “enterprise friendliness” refers to the degree to which enterprise
friendly features are available or enabled (i.e., kiosk mode, hardware
company access to data, ease of integration into enterprise systems, and
50 on).

Processing, Memory, Resolution, Frame rate, Tracking,
Passthrough, SDK

® build systems capable of offline functionality
® build systems that do not require PHI
® form long term partnerships with healthcare institutions

® Tether ok if high performance is of paramount importance

® Assessment of available hardware form factor options based on your
particular use case

® A-priori assessment of company’s/institutions needs and alignment
with hardware level of “enterprise friendliness” required

® A hardware agnostic approach allows efforts to avoid hardware
lock-in at the cost of more development time.

® A-priori determination of the performance characteristics required
for the particular clinical use case(s) in question. In general, greater
performance comes at a higher price point which may limit your
application in it’s ability to scale.

Consumer Facing Software

Data

In combination with AI

Is the proposed solution similar consumer facing freeware (e.g., video
games, free relaxation apps)?

Security, Privacy, Clinical utility, Interoperability, Patient and provider
access to the data.

Are the AI outputs being used to drive the clinical value-add or an
ancillary element of your application?

Is AI being used to increase value?

What safety mechanisms are in place?

® Determine the clinical or workflow value add a-priori.

® Follow HIPAA compliance guidelines.

® Encrypt data at rest and in transit.

® A-priori determination of which data points bring clinical utility.

® Use common data formats to assist with eventual interoperability
(i.e., JSON).

® Ensure that systems design includes a conduit by which providers
and/or patients may access the data produced.

® Al outputs that are central to the clinical value-add may have a
higher level of diligence required compared to AI outputs being
used for an ancillary purpose (e.g., the use of image generation to
make marketing materials).

® Avoid adding “AI” just for “AI” sake (adding AI without clear
purpose or clinical value add).

® Have systems in place to ensure guardrails on inputs and outputs,
monitoring, ongoing model evaluation, and validation.

® Leverage existing resources and guidelines relating to the use of Al
within clinical applications to inform your approach.

Hardware/Equipment:

XR user interface,
storage, loT
integrations

FIGURE 2

XR Software: clinical
use case applications,
data handling, safety
controls

=)

/

XR Health Data

Cloud Infrastructure:
data management,
Al/ML integrations,
systems connectivity

EHR / EMR: patient

Key Components

Patient

Key components of health data in XR context.
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records, provider care
tools, health systems
interface

Provider
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Artificial intelligence (AI) represents both a significant
opportunity as well as a significant set of challenges for those
building XR solutions within healthcare. While the challenges
relating to AI within healthcare are beyond the scope of this
perspective piece, Al carries its own set of complexities and
regulatory challenges, and its meteoric rise also may create an
unrealistic set of expectations for the traditionally slower moving
XR space. Fortunately, recent efforts by the FDA have begun to
provide solution makers with some clarity and guidance for the use
of AI with software medical devices (Artificial Intelligence and
Machine Learning, 2025; Artificial Intelligence-Enabled Device
Software Functions, 2025; Artificial Intelligence and Machine
Learning, 2024).

Modern affordable XR relies on Al (i.e., computer vision) to
function, and it is perhaps poetic that these two technologies are
once again beginning to converge to enable a set of powerful new
health
immersive mental health support, “go anywhere” escapism, voice

possibilities including wearable personal assistants,
cloning for mental health (Jumreornvong et al., 2024), personalized
exposure therapy, and countless other applications. Unfortunately,
despite the enormous potential for these “combination” approaches
to improve the lives of patients, such efforts will likely have a
compounded set of challenges originating from combining both
AT and XR. And while these technologies can be built by small
capable teams, without any clear directives this “combination” space
runs the risk of being exclusive to large companies with the levels of
resources needed to overcome the enormous set of institutional and
regulatory challenges that may come with such combination
approaches.

Ethical considerations, such as patient consent, privacy, and the
potential for XR to alter the patient-provider relationship, also pose
significant challenges. Ensuring robust consent processes and
maintaining patient privacy are crucial for ethical deployment,
but they can also be resource-intensive and can complicate
implementation. Additionally, while XR can enhance patient
engagement and clinical outcomes, there is a risk of it
depersonalizing care or creating dependency on technology.
Balancing all these considerations is essential to navigate the
regulatory and ethical landscape effectively, ensuring that XR
technologies are deployed responsibly and beneficially in
clinical settings.

In conclusion, while XR holds substantial potential to transform
patient care, clinical practice and education, its deployment requires
a comprehensive approach that addresses technical, clinical,
financial, regulatory, and ethical dimensions. These practical
considerations are critical in translating experiences from the
studio to the bedside, and many times issues related to these
considerations take far longer to address than the construction
and testing of the experiences themselves. Interdisciplinary teams
are best suited to overcome these challenges, and successful
integration of XR in healthcare depends on collaborative efforts
among technologists, clinicians, researchers, administrators and
policymakers. As we advance in this new paradigm of immersive
care, future research should focus on harmonizing and integrating
XR hardware, software, and IT systems. Additional priorities include
developing tools to enhance the clinical utility of XR applications,
improving privacy and security measures, and intentionally creating
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solutions at the intersection of AI and XR where it makes sense
to do so.
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