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Abstract

Background: Virtua reality (VR) has emerged as a promising tool in health promotion and prevention psychology. Its ability
to create immersive, engaging, and standardized environments offers unique opportunities for interventions and assessments.
However, the scope of VR applications in thisfield remains unclear.

Objective: Thisscoping review aimsto identify and map the applications of VR in health promotion and prevention psychology,
focusing on its uses, outcomes, and challenges.

Methods: A systematic search was conducted across 3 electronic databases (PubMed, PsycINFO, and Scopus) for studies
published between 2010 and 2024. Eligihility criteriaincluded empirical studies using immersive VR for health promotion and
prevention, while studies using nonimmersive VR, lacking health-related applications, or focusing on clinical interventions were
excluded. The review followed PRISMA-ScR (Preferred Reporting Items for Systematic Reviews and Meta-analyses extension
for Scoping Reviews) guidelines, and 4295 records were initialy identified, with 51 studies included after screening. Data were
synthesized qualitatively to identify key applications, limitations, and emerging trends.

Results: VR was primarily used in three areas: (1) delivering interventions (eg, pilot testing, skills training), (2) exploring
fundamental research questions, and (3) assessing outcomes such as behavioral or psychological responses. Although VR
demonstrated potential for enhancing user engagement and replicating ecological scenarios, its effectiveness compared to
nonimmersive methods varied. Most studieswere pilot or feasibility studieswith small, nonrepresentative samples, short follow-up
periods, and limited methodological standardization.

Conclusions: VR offers aversatile and promising tool for health promotion and prevention but its applications are still in the
early stages. The evidenceislimited by methodol ogical weaknesses and variability in outcomes. Future research should prioritize
replication, longitudinal designs, and standardized methodologies to strengthen the evidence base and expand the applicability
of VR interventions.

(IMIR XR Spatial Comput 2025;2:e49923) doi:10.2196/49923
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broader and aimed at a larger audience. Therefore, primary or

Introduction

Background

Health and prevention psychology aimsto address health-rel ated
issues to either prevent individuals from starting or continuing
an unhealthy behavior (ie, primary prevention), help them to
detect or reduceillnessin early stages (ie, secondary prevention),
or support individualsin their journey against consequences of
heavier injuries or diseases (ie, tertiary prevention, [1]).
Although secondary and tertiary prevention are more
individual-based depending on theillness or signsor symptoms
individuals need to learn to cope with, primary prevention is

https://xr.jmir.org/2025/1/e49923

universal prevention is designed to prevent individuals from
the general population from getting injured or sick and aimsto
enable peopleto live asustainable and healthy lifestyle [2,3].

In this sense, headth promotion campaigns have started to
integrate technological innovations such asvirtual redlity (VR).
We refer to VR as a type of human-computer interface
immersing users into a computer-generated 3D virtual
environment (VE) they caninteract with in anaturaistic fashion,
usualy via an avatar (ie, representation of the user in the VE
[4]). More pragmatically, we labeled as VR any type of device
that has the ability to sensorily detach the user from the outside
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world (at least sight, but also sounds, smell, and touch in some
cases). Thisincludesthe use of a cave automatic VE (usersare
surrounded by walls displaying the VE) or a head-mounted
display (HMD), which blocks the user’s field of view outside
of the VE and from which the user cannot turn away by simply
looking away (ie, computer screens or 360° videos will not be
considered VR in this definition).

Themainaim of VR isto recreate arealistic, ecological context
and experience while keeping some degree of experimental
control over it [5-7]. Systematic reviews have reported
promising results from VR-based interventions in other
disciplines (eg, clinical psychology [8] and social psychology
[9,20]). However, to our knowledge, there has been no review
of the use of VR technologiesfor primary health promotion and
prevention. Therefore, instead of focusing on specific research
guestionsrelated to atopic, outcome, or population, the goal of
this review was to map the current state of the art of the use of
VR in such areas and identify gaps and future directions.

Rationale

Virtual Reality: Operating Principles

The VR literature highlights 2 essential concepts, immersion
and presence, both of which arecritical to the user’s experience
in VEs [7,11]. Immersion refers to the technological ability of
a VR system to fully engage the user by replacing real-world
sensory inputs with virtual stimuli. The more immersive the
device, thelessinterface thereis between the user and the virtual
world. High immersion includes naturalistic interactions, such
asthe use of body suitsto track movement, which increasesthe
sense of realism [7]. Immersive systems create a sense that the
virtual worldisan actual experiencerather than amediated one.
However, presence depends on the user’s psychol ogical response
to the VE. It is the subjective feeling of “being there” in the
virtual world, interacting with it as if it were real [12]. This
sense of presenceincreases engagement and leadsto morevivid,
memorable experiences [13]. Notably, presence can be felt in
both immersive and nonimmersive media, such as movies or
books, asit isinfluenced by individual factors and not just the
technological features of the medium [14].

Although immersion and presence are often related, they are
not the same. Higher levels of immersion tend to enhance
feelings of presence, but immersion isnot anecessary condition
for presence [15]. Thus, immersion can be viewed as a
moderator that enhances presence but does not guaranteeit [16].

Why Use VR in Health Promotion and Prevention
Psychology?

VR technology has emerged as a promising tool in health
promotion and prevention psychology, allowing for immersive
experiences that can enhance user engagement and motivation
[17,18]. VR enables researchers to create safe, ecological, and
standardized VEs, where health promotion interventions can
be effectively delivered and evaluated. VR presents key
advantages as a tool for research and intervention in health
promotion and primary prevention [7].

First, VR can be combined with devices aimed at mimicking
more natural movements (eg, the use of handheld controllers
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or haptic devices instead of a mouse and keyboard) and can
encompass the integration of full-body motor and haptic
feedback when using a bodysuit. This freedom and wholeness
of movement can help enhance learning through direct practice,
visualization, and ultimately embodied cognition (ie, cognition
linked to the body [7,19]). Hence, VR can be arelevant tool to
create interventions aimed at learning health-related behaviors
that require practicing skills (eg, detecting testicular disorders
[20]).

Second, duetoitsability to elicit embodiment, VR iswell suited
to elicit and enhance perspective-taking and empathy [7,21].
For example, embodying an obese avatar could enhance taking
the perspective of being overweight, leading to amore effective
learning of the consequences of abesity and, in turn, a greater
intention to take care of individual health (ie, reduce the
attitude-intention-behavior gap). Through the feeling of
presence, individuals can visualize themselves in a specific
situation, hence allowing a deeper sense of self-reflection [20],
potentially leading to more persistent changesin behavior. VR
can recreate ecological situations and environments in which
users can embody an avatar and act in the virtual world asiif it
werereal, through the feeling of presence [12].

Objective
Our goal wasto identify and map how VR has been used in the

field of health promotion and primary prevention. Inthisscoping
review, we addressed three broad research questions:

1. What are the uses of VR technology in primary prevention
and health promotion (ie, an overview of the goals and
research questions addressed through the use of VR)?

2. What do we know so far about the effects of using VR in
these fidlds (ie, a summary of the results)?

3. What arethe challenges and limitations, if any, encountered
so far?

Based on the findings of the scoping review, we drafted a list
of recommendations and perspectivesfor theuse of VR in health
promotion and primary prevention.

Methods

Protocol and Registration

The scoping review protocol was drafted according to the
PRISMA-ScR (Preferred Reporting Items for Systematic
Reviews and Meta-analyses extension for Scoping Reviews)
checklist [22,23]. We also conducted a synthesis without
meta-analysis [24] (Checklist 1).

Eligibility Criteria

Weincluded any peer-reviewed and published empirical article,
written in English, that described a study conducted on human
subjects deploying any kind of immersive VR device (eg, HMD,
cave automatic VE), including 360° videoswhenusedinaVR
setup, focusing on any research question in the field of health
promotion or primary prevention, from January 1, 2010, to
September 16, 2024. We chose to limit the search to the last 14
years in order to generate a recent state-of-the-art overview of
the field. We excluded studies conducted on nonhumans or
focused on secondary or tertiary prevention interventions, such
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as psychotherapeutic treatments (eg, V R exposure therapy) and
medical interventions (eg, rehabilitation), or specialized
educational programs unrelated to prevention (eg, skills
improvement for health practitioners). Pilot studies were not
excluded from this review because of their critical role in
assessing the feasibility and acceptability of interventions that
may inform future primary, secondary, or tertiary prevention
efforts. We excluded studies using the term “virtual reality”
that described computer-based VEs involving a virtual world
(eg, Second Life) or computer-rel ated or motion-sensing devices
(eg, Kinect, joystick) when they were associated with a
nonimmersive VR setup (eg, non-VR video or serious game).
We aso used the population-concept-context framework to
define our inclusion criteria. The population includes
adolescents, young adults, and specific populations at risk for
health issues (eg, individuals with anxiety or those at risk for
substance use). The concept focuses on the application of VR
technology to promote health behaviors, enhance knowledge,
and improve emotional well-being. The context refers to
contextual factors including the environments where VR
interventions are delivered, such as schools, community centers,
or health care facilities.

Information Sources and Search Process

We searched 3 databases from January 1, 2010, until September
16, 2024 (PubMed and PsycINFO). For each database, we
combined 2 sets of keywords; the first set focused on health
promotion and prevention psychology. For PubMed, the search
strings were (“health prevention” OR “health promotion” OR
“health risk communication” OR “health communication” OR
“preventive psychology” OR “behavior change” OR “attitude
change”) AND (“virtua reality” OR “immersivevirtual reality”
OR*“immersivevirtua environment”). For PsycINFO, the search
strings were (“health prevention” OR “health promotion” OR
“health risk communication” OR “health communication” OR
“preventive psychology” OR “behavior change” OR “attitude
change”) AND (“virtua reality” OR “immersivevirtual reality”
OR “immersive virtual environment”).

Selection of Sources of Evidence

Studies that did not employ VR technology, were not
peer-reviewed, were reviews or meta-analyses, or lacked
empirical data were excluded from the review. The screening
process was conducted in 2 stages to enhance the rigor of the
selection. In the first stage, titles and abstracts of the identified
studies were reviewed to determine their relevance based on
theinclusion criteria. Thisinitial screening allowed the authors
to eliminate studies that were clearly outside the scope of the
review. In the second stage, full-text articles of the remaining
studies were assessed to confirm their eligibility for inclusion.
The extraction process was conducted independently by multiple
reviewers to enhance rdliability and minimize bias. Any
discrepancies in data extraction were resolved through
discussion and consensus among the reviewers. Thismeticul ous
approach to data extraction allowed the authors to synthesize
findings across studies effectively and draw meaningful
conclusions regarding the efficacy and feasibility of VR
interventions in health promotion and primary prevention.

https://xr.jmir.org/2025/1/e49923
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Data Charting Process

The data charting process involved collecting information on
study characteristics, intervention details, measured outcomes,
user experience, type of materials, and sample characteristics
(see Multimedia Appendix 1). Of note, approximately 63% of
the studies included in the review were categorized as pilot or
feasibility studies. We also recorded the type of VR technology
used (eg, immersive headsets, desktop VR), the duration of the
intervention, and the focus of the VR content (eg, health
education, behavior change). On average, participants spent
approximately 12.8 (SD 11.1) minutes using VR. We focused
on health-related outcomes such as knowledge acquisition,
behavioral intentions, and psychologica well-being. User
experience was assessed through qualitative data that provided
insightsinto participants’ enjoyment, ease of use, and perceived
effectiveness of the VR interventions. Many studies found that
participants found the VR experience both enjoyable and
engaging, which in turn led to higher participation rates
compared to non-VR interventions.

Dataltems

Primary variables included study characteristics such as
authorship, year of publication, study design, and sample size,
which provided context for the research findings. Participant
demographics, including age, gender, and health status, were
also collected to understand the populations included in the
studies. Intervention details were documented, focusing on the
type of VR technology used, the duration of the intervention,
and the specific health issues addressed. Measured outcomes
were categorized into primary outcomes, such as knowledge
acquisition and behavioral intentions, and secondary outcomes,
including user engagement and satisfaction. User experience
data were collected to assess participants’ enjoyment, ease of
use, and any challenges encountered during the VR
interventions. In addition, limitations of the studieswere noted,
including issues such as small sample sizes and methodol ogical
limitations, which are critical for contextualizing the findings.
It is important to note that while immersion and presence are
key concepts in understanding the effectiveness of VR, these
variables were not measured consistently across studies, which
may affect the interpretation of results. The data elements
collected were intended to provide a structured review of the
existing literature, as well as identify trends, gaps, and
implications for future research in thefield of VR-based health
interventions.

Critical Appraisal of Individual Sources of Evidence

We found that approximately 37% of the included studies were
pilot or feasibility studies. These studies primarily focused on
evaluating the usability and acceptability of VR interventions,
which are critical for assessing the feasibility of larger-scale
research. Although pilot studies provide valuable insightsinto
user experiences and preliminary results, their small sample
sizes and limited generalizability limit the ability to draw firm
conclusions about the effectiveness of V R-based interventions.
Mixed results have been found when comparing VR
interventions to traditional methods, suggesting that VR does
not always offer aclear advantage in achieving health outcomes.
Key variables such asimmersion and presence, which arecritical
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to understanding how VR might influence health behaviors,
have not been systematically evaluated. We found a lack of
focus on larger, more diverse samples and aim to replicate
existing studies to strengthen the evidence supporting the use
of VR in health promotion efforts.

Study Selection Procedure

All search results were stored in Zotero, an open-source
reference manager, and duplicates were removed. Titles and
abstracts were screened first, removing articlesthat clearly did
not match eligibility criteria. Second, full texts of the remaining
articleswere downloaded to definefinal digibility for inclusion.
For each step, 2 reviewers conducted the screening
independently and compared and discussed these discrepancies
until afull consensus was reached.

Data Extraction Process and Synthesis of Results

Data extraction was done by 1 reviewer, who extracted the
followingitemsfrom theincluded articles: (1) title and authors,
(2) goal(s) of the study, (3) design of the study, (4) study sample
characteristics, (5) VR device used, (6) main results, and (7)
limitations reported by the authors. A second reviewer verified
that all data were correctly extracted. Following the data
extraction, we conducted a narrative analysis and synthesis of
the results. Results and implications of the data extracted from

https://xr.jmir.org/2025/1/e49923
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the included studies were discussed by 2 reviewersin relation
to the 3 research questions of the scoping review.

Results

Study Sdlection and Characterigticsof Included Studies

The initial search identified 4295 unique articles, which were
reduced to 51 eligible articles (see the PRISMA flowchart in
Figure 1). Included studieswere conducted in Asia (11 studies,
22%), Europe (18 studies, 35%), the Middle East (1 study, 2%),
and North America (21 studies, 41%). The total sample size
acrossall studieswas 4647 participants, with an average of 91.1
participants per study. Study samples included slightly more
women, with 2651 women (53%) and 1958 men (42.7%). The
mean age of participants across the studies was 31.6 (SD 5.45)
years. Studies primarily included adults, with 29 studies (57%)
focused on adults, followed by 14 studies (28%) focused on
adolescents, 7 studies (14%) focused on senior adults, and 1
study (2%) focused on children. Specific populations studied
included students (7 studies, 29%), people with cognitive
impairment (3 studies, 12%), and people with obesity (3 studies,
12%). Other populations studied included former smokers (1
study, 4%), NHS staff (1 study, 4%), parents (2 studies, 8%),
smokers (2 studies, 8%), adults who had been in lockdown (1
study, 4%), and unvaccinated adults (1 study, 4%, see Figure
2 for details).
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Figure 1. Flowchart of the study selection process following PRISMA guidelines. A total of 4295 articles wereinitially identified across 3 databases.
After removing duplicates and applying eligibility criteria, 51 studies were included. iVR: immersive virtual reality; PRISMA: Preferred Reporting
Items for Systematic Reviews and Meta-analyses.
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Figure 2. Overview of key outcomes from the intervention studies.
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Characteristics of Sources of Evidence

The 51 included studiesfocused on various health-related topics
(Table 1), the most predominant ones being nutrition (17%) and
risky behaviors (4%). All studies used HMD, except for
Lemieux et al [25], where the device used was not mentioned.
HMDs were mainly Oculus (Quest, Go, or Rift, 24%), HTC
Vive (17%), or Samsung Gear VR (15%). Almost half of the

https://xr.jmir.org/2025/1/e49923
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studies (43%) were coupled with 1 or 2 handheld controllers.
Most studies (56%) included an active interaction with the VE
by using 1 or 2 handheld controllers or the bodysuit to interact
with the VE. About 49% of VR exposure lasted a maximum of
10 minutes, including 22% of studies with under 5 minutes of
VR exposure. We estimated an average time of 12.8 (SD 11.1)
minutes spent using VR, according to the information given in
the articles.
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Table. Characteristics of sources of evidence.

Bonneterre et d

Areaof study

Studies

Nutrition, including nutrition and obesity prevention (17%)

Eating disorder and binge eating (5%)
Sugar-sweetened drink consumption (10%)
Smoking tobacco (8%)

Smoking e-cigarettes (5%)
Alcohoal use (5%)

Risk behavior in adolescents (4%)
Gambling (2%)

Exposure to nature to enhance well-being/stress reduction (14%)

Genera well-being/stress reduction (10%)

Using handheld controllers (7%)
Using a connected bike (7%6)
Vaccination (4%)

M edication-taking (2%)

Blom et a [26]; Isgin-Atici et al [27]; Ledoux et al [28]; Marcum et &
[29]; McBride et a [30]; Persky et al [31,32]; Verhulst et al [33]

Ferrer-Garciaet a [34]; Lemieux et al [25]
Blom et a [26]; Ledoux et a [28]; Marcum et a [29]; McBride et a [30]

Borrelli et a [35]; Ferrer-Garcia et a [36]; Garcia-Rodriguez et al [37];
Bonneterre et al [17]

Weser et a [38,39]
Guldager et al [40]; Ma[41]
Hadley et a [42,43]

Detez et al [44]

Alyan et a [45]; Beverly et a [46]; Brimelow et al [47,48]; Browning et
al [49]; Calogiuri et a [50]

Afifi et al [51]; Adhyaru et a [52]; Kim et a [53]; Rivaet a [54]; Ko et
al [55]; Kiper et a [56]

Eisapour et a [57]; Fang and Huang [58]; Faric et a [59]
Bird et al [60]; Zeng et a [61,62]

Mottelson et al [63]; Nowak et a [64]

Niki et al [65]

Results of Individual Sources of Evidence: Detailed
Results

Main | dentified Research Goals

We identified three main goals for using VR: (1) as a tool to
deliver an intervention, with 35 articles focusing on either (1a)
pilot testing or testing the feasibility of using VR materials or
procedures or (1b) using VR to deliver an actua intervention
(eg, skills learning, comparing VR vs other intervention
modalities) to test its relative efficacy; (2) as atool to address
fundamental research questions, with 6 studies aimed at
recreating ecological settings to address physiological and
psychological changes when exposed to certain situations (eg,
cravingselicitation); or (3) as an assessment tool, with 5 studies
investigating food choices with afood buffet created in VR.

Pilot Studies: Ensuring Usability and Enjoyability

Many studies included in the scoping review were pilot or
feasibility studies (about 37%, Table 2) from which we
distinguished two main purposes: (1) testing VR usability for
future research and seeing how target outcomes are impacted
and (2) assessing users' experience with VR. First, researchers

https://xr.jmir.org/2025/1/e49923

found that the use of VR in their methods was rather relevant
and reached multiple target outcomes such as reducing stress
using a short exposure to nature in VR [45-48,51,52,55], even
though exposure durations wererelatively short (3-10 minutes).
Theuseof VR was a so useful to enhance participants' physical
and cognitive activity [66,67]. Finaly, some studies were
focused on prevention and the major advantage of VR useisits
ability to involve participants directly in the preventive message,
for exampl e through gaming [68] or skill practice (eg, refusing
peer pressure to vape [38]). This resulted in improved
knowledge on hedlth topics (eg, on smoking in [69]) and
intentions to check for diseases (eg, [20]). It adso helped to
deliver information in a more traditional preventive way (eg,
exposure to apreventive video inan HMD in [35] or aFestLab
in[40]). Overdl, pilot and feasibility studies, evenif conducted
on small samples, found VR to be enjoyed and accepted by
participants, as well as useful and feasible, and found that it
impacted target outcomes (eg, enhanced well-being, increased
knowledge). These results occurred whether participants only
had a one-time exposure (eg, [53,69]) or sessions over a few
weeks (eg, [48]) and were found to be sustained at follow-up
when measured (eg, participants reduced their tobacco intake
over the month following their participation [35]).
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Table. Summary of articles and their classification within the scoping review.
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Category and study

Descriptives

iVR? details

Objective(s)

Study design

Main conclusions

la: Pilot or feasibility studies

Adhyaru and Kemp
[52]

Afifi et a [51]

Alyan et al [45]

Beverly et al [46]

Bonneterreet a [17]

Borelli et a [35]

1b: Interventions

Ahn [5]

Blom et al [26]

n=39; mean age 36.6
(SD 10.3) years; 82%
women; health care
workers

n=50 older adults with
cognitive impairments
and their family mem-
bers

n=20; mean age 21.8
(SD 2.2) years; 50%
women; students

n=102; 72% women;
health care workers

n=121; mean age 19.6
years; 82.5% female;
university students

n=23; mean age 49.8
(SD 13.3) years; 22%
women; adult smokers

n=73; mean age 20.8
(SD 1.1) years; 82%
women; students

n=99; mean age 30.7
(SD 10.9) years; 60%
women; general popula:
tion

2: Fundamental research

Chittaro et a [70]

Ferrer-Garciaet a
[36]

3: Assessment tool

Isgin-Atici et a [27]

n=105; mean age 21.49
(SD 2.43) years, 90.5%
women; students

n=25; mean age 29.7
(SD 13.4) years; 32%
women; smokers

n=73; mean age 22.2
(SD 4.1) years; 56%
women; students

HMDP (Oculus Go); 10
minutes

ImmersiveVR® system

HMD (HTC Vive); 5
minutes

HMD (Oculus Go/Pico
G2); 3 minutes

Sensiks Immersive VR
system

HMD (Knoxlabs V2
cardboard); 5 minutes

HMD (NM); 2 minutes

HMD (HTC Vive); =3
minutes

HMD (Sony HMZ-T1);
5 minutes

HMD (5DT HMD
800); time not men-
tioned

HMD (HTCVive);5 -
25 minutes

Explore if exposure to
naturein iVR can help
health careworkersde-
stress at work.

Assess whether iVR
improvesquality of life
and social interaction
for older adults and
their family members.

UseiVR to reduce
stressviaavirtua walk
in nature.

Exploreif cinematic
iVR can reduce stress
in health care workers.

Evaluate the impact of
VR on memorization,
attitudes, and craving
responsesto anti-tobac-
CO posters.

Examinethefeasibility
and impact of a smok-
ing cessation interven-
tion during dental
cleaning.

Test efficacy of preven-
tive messages on sugar
and sweetened bever-
age consumption via
avatar embodiment.

Study purchase behav-
iorsinaniVR super-
market.

Investigate links be-
tweeniVR and persua-
sion theory, including
inducing mortality
salience.

AssessiVR’sahility to
produce cravings to-
ward tobacco smoking.

Evaluate ease of use
and efficiency of avir-
tual cafeteria.

Before-after exposure;
within-subject

Feasibility study with
pre-post assessments

2 (ervironment: realis-
tic vsdreamlike); be-
tween-subject

Before-after exposure;
within-subject

Randomized controlled
trial

2 (video type: smoker

ready/not ready to quit)
x 3 (time: pre/post/fol-
low-up); within-subject

2 (pamphlet only vs
pamphlet plusiVR) x
2 (tailoring: othersvs
self) x 3 (time:
pre/post/follow-up);
between-subj ect

2 (nudge vs control) x
2 (time pressure: 3
minutes vs no pres-
sure); between-subject

2 (environment: iVR
park vs cemetery); be-
tween-subject

Before-during expo-
sure to smoking cues

2 (groups: iVR novices
vs experienced); be-
tween-subject

iVR reduced anxiety,
anger, and heart rate,
and enhanced happi-
ness and relaxation.

VR improved social
interaction and quality
of lifefor both older
adults and their fami-
lies.

iVR reduced stressand
enhanced mental well-
being.

iVR reduced stress, in-
dependently of previ-
ousiVR useor job
type.

VR enhanced memo-
rization of prevention
MEeSsages.

Feasible and accepted
by both smokers and
dental care providers.

iVR heightened inten-
tionsto limit sugar and
sweetened beverage
consumption; effects
were present at follow-
up.

iVR revealed changes
in healthy food purchas-
es based on nudge
type.

iVR elicited mortality
salience, impacted atti-
tudes, and induced
greater physiological
reactionsthan tradition-
al mortality salience
manipulations.

iVR created cravings,
correlated with pres-
ence.

iVR was user-friendly
and effectiveregardiess
of prior VR experience.
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Category and study Descriptives

iVR? details

Objective(s) Study design Main conclusions

Marcum et a [29] n=221; mean age 38
(SD 5.6) years; 100%
women; mothers with

obesity

HMD; time not men-
tioned

Examine microbehav-
iorsinfluencing food
selectioninaniVR
buffet.

3 (conditions: food
safety control vsbehav-
ioral risk information
vs family-based risk
information); between-
subject

iVR enabled dynamic
assessment of food
choice behaviors.

%VR: immersive virtual reality.
PHMD: head-mounted display.
SVR: virtual reality.

Second, most participants found VR enjoyable and fun [59,68]
and quite easy to use [52]; some were asked to complete a short
tutorial [27]. Even ol der adultswere ableto manipulate handheld
controllers[57], but 1 study reported that the HMD is sometimes
heavy for their neck to lift (1 participant dropped out because
of thisreason [52]). It isworth noting that some of these studies
[20,59] involved the targeted population in co-designing the
intervention in previous pilot studies, hence not only explicitly
ensuring usability [57] but also enhancing users satisfaction
with the intervention. Co-designing an intervention with the
targeted population and conducting afirst pilot study on asmall
sample (eg, 12/33) can improve the level of satisfaction and
usability of the intervention prototype, albeit ultimate user
satisfaction can only be assessed following full-scale depl oyment
of theintervention.

Relative Efficacy of VR Interventions

Interventions (39% [20/51] of the studiesincluded in thereview)
using VR focused on several targets such as enhancing
well-being by simulating a walk in nature (while remaining
seated [49,54] or walking on atreadmill [50]) or skill learning
and practice on various health topics[40,42]. Some studieswere
interested in delivering preventive content [40,41,71], other
studies used VR's ahility to create standardized conditions to
test theoretical frameworks (eg, nudge and time pressure on
healthy food choice [26,40]), while still others used VR to
embody a specific character in order to impact health outcomes
[5,33,56].

The key element of most studies included in this group is that
they often compared the use of VR with other modalities to
deliver an intervention; for example, delivering preventive
information in VR versus a 2D screen (eg, [41,54]) or without
the use of specific technology (eg, live role-playing with an
instructor [64], reading a pamphlet, [61]). Some studies also
compared different depths of immersion [50,60,62].

When comparing the relative efficacy of VR with other
modalities, mixed resultswere found. For example, even though
participants exercising using VR experienced an attentional
shift from exercising, meaning that individuals were usually
distracted and entertained by the VR setting, leading them to
actually enjoy physical exercise, it was not always sufficient to
obtain greater physical involvement when compared to
nonimmersive physica activities[25,58,60,62]. However, some
studiesfound no difference in outcomes between the use of VR
and 2D screens [54,71], and other studies even found that a
virtual walk remained less efficient than areal walk in nature
for mood enhancement [49]. Some studies, using VR only, also

https://xr.jmir.org/2025/1/e49923

found no impact of VR prevention interventions on target
outcomes (eg, no changein physical self-perception when using
VR to prevent eating disorders [39], no increased knowledge
on acohol [40]). Still, we notethat VR was agrest tool to induce
changes in knowledge and intentions to adopt a behavior (eg,
vaccination intention [61], smoking e-cigarettes [44]) and for
skill practice [42].

A few recent studies [44,54] investigated the use of VR outside
of the laboratory, recruiting participants who own VR devices
at home. Portable VR devices have become more affordable,
resulting in individuals being able to use them potentially
anywhere and be autonomously engaged with VR-based
interventions. Furthermore, both studies resulted in an
improvement in the target outcomes (reduction of psychological
distress [54], increase in vaccination [44]).

Overall, VR isimpactful; it can create precise and standardized
experimental Situations (eg, embodying an obese or
weight-gaining avatar [5,33]), and it is especially practical for
skill practice and sometimes for physical activity. VR-based
interventions have shown a higher degree of attendance in
intervention sessions (ie, adherence) than the sameintervention
done without the use of VR [64]. However, when VR is only
used to deliver information without leveraging its specific
characteristics, such asimmersivity and active use of the device
(ie, interacting with the VE viaa game [61]), it has often been
found to have similar efficacy asmoretraditional waysto deliver
information (eg, 2D screens).

VR to Address Fundamental Health Research Questions:
A Tool to Recreate Ecological Settingsin the Lab

VR can recreate real-life situationsin laboratories and has been
used across different domains, such as gambling [36], tobacco
cravings [28,37], and food cravings [34,70], as well as for
mimicking specific situations inducing certain psychological
states, such as mortality salience (eg, [29]). In al studies,
exposure to specific cues (eg, food items, cemetery, individuals
smoking) or situations (eg, being in a pub, gambling on a slot
machine) elicited both physiological (eg, increased heart rate,
arousal) and psychological (eg, self-reported craving) changes,
whether individuals were actively (ie, interacting with the VE)
or passively (ie, watching visual content) using the VR device,
suggesting that the highly immersive characteristics of VR are
effective at eliciting an emotional response.

However, only 1 study compared dliciting cravings using VR
versus other types of devices[34], indicating VR is not better
suited to trigger a craving response than 2D pictures. It might
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be possible that this null effect was due to the passive use of
VR in this specific study, as interacting with a cue in VR has
been found to enhance cravings [28].

VR as an Assessment Tool in Health-Related
I nterventions

A total of 5 studies used VR as an assessment tool in the field
of nutrition by recreating a virtual buffet displaying food
[27,30-32,65], where participants' task wasto collect aplate of
food. Participants found the VR food buffet easy to use,
independently of whether they already used aVR devicein the
past [27]. In this context, VR alows researchers to study
precisely how many items and types of food were selected and
in which quantity, enabling them to calculate the total calories
contained in each plate more easily. It also helped to display to
participants a standardized food buffet with diverse food items
without constraintsfrom areal food buffet (eg, expiration dates,
flexibility in food types, reduced costs).

Study Limitations

The Necessity to Adapt the Use of VR to Experimental
Needs

The use of VR, whether for applied or fundamental research,
has shown some limitations, mainly related to the study
methodology and VR technology itself (eg, cybersickness,
notably in [50]). First, amajority of included studies suffered
from either small sample sizes (eg, 10 participantsin [65], 6 in
[57]) or nonrepresentative samples (eg, studentsin [29], healthy
and active young individuals in [58]), limiting the validity and
generalizability of results. Second, the quality of the
experimental designs was sometimes limited (eg,
semiexperimental design with pre-post comparisons) because
of alack of a proper control condition or not conducting a
rigorous randomized controlled trial [20,46]. Short-term
follow-up or the lack of a follow-up atogether was also
mentioned as a limiting factor in numerous studies [41,42].

Lack of Systematic Assessment of VR's Main
Characterigtics. Presence, Immersion, and Cybersickness

VR's effects, especialy persuasive effects, seem to come from
its ability to enhance presence, which is the feeling of being
there during aV R experience. Hence, participants act similarly
to real life in the VE because they are fully immersed in their
interaction with it. The level of presence experienced by users
can impact targeted variables in the intervention; participants
who felt more present in the VE showed stronger positive effects
on persuasi on-rel ated outcomes (eg, attitudestoward vaccination
and intention to get vaccinated [61]; higher presence resulted
in more reported cravings for tobacco in [37]). However,
presenceis rarely measured as a moderator or covariate across
studies despite its potential impact on outcomes. The same
applies to immersion, which was not measured across studies,
despite studies often comparing different intervention modalities
of varying degrees of immersion (eg, VR versus 2D screen).
VR is not the only technology able to generate presence;
narrative, videos, or nonimmersive VR can too [14]. Not
measuring immersion or presence across different modalities
limits the understanding of VR'srole in driving effects on the
target outcomes.
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Finally, cybersickness was rarely measured across studies
despite its potential negative effect on user experience and, in
turn, target outcomes. Some studies, notably the ones focusing
on physical activity, measured cybersickness and found that it
can completely erase the positive effects of using VR (eg,
walking on a treadmill while wearing a VR device led to
cybersickness, which diminished the positive effects of being
exposed to nature compared to the other condition, [50]).
Participants who felt symptoms of cybersickness believed that
it impacted their experience [59], sometimes to the point they
had to drop out of the experiment [62].

Discussion

Principal Findings

This scoping review identified 51 studies published over the
past 14 years that explored the use of VR in health promotion
and prevention psychology. Our findings reveal ed three primary
applications of VR: (1) asatool to deliver interventions, either
in feasibility testing or actual implementation; (2) as a means
to address fundamental research questions; and (3) as an
assessment tool for health-related outcomes. Although VR
shows significant promise in creating immersive and engaging
interventions, our review highlights the variability in
effectiveness and common challenges such as small sample
sizes, short follow-up periods, and limited methodological
standardization.

VR technology usefor health promotion and prevention research
is relatively recent, with studies in this review indicating its
potential asapromising tool to deliver and assessinterventions.
For instance, VR was effective in simulating realistic scenarios
to engage participants in skills-based learning and
decision-making tasks, such asrisk-reduction behaviors[42,61].
VR adlows researchers to create safe, ecological, and
standardized VEsinwhichit is possible to deliver and evaluate
health promotion and preventive interventions [42]; recreate
Situations or environments that can elicit strong emotional,
physiological, behavioral, or psychologica responses (eg,
mortality salience [29]); and assess outcomes (eg, cravings,
food choices) with a multimeasure approach included in VR
technologies (eg, psychological, physiological, and behavioral
measures). Thisscoping review identified 51 studies concerning
the use of VR technology in the field of health promotion and
prevention psychology published within the past 14 years. We
mapped (1) the goals and research questions addressed through
theuse of VRinthisfield, (2) its effectsin theidentified aress,
and (3) its main challenges or limitations. We identified three
main applications of VR in thisfield: (1) asatool to deliver an
intervention, either (1a) pilot or feasibility testing VR materials
or proceduresor (1b) using VR to deliver an actual intervention
(eg, skills learning, comparing VR vs other intervention
modalities) to test its relative efficacy; (2) as atool to address
fundamental research questions; and (3) as an assessment tool.

Comparison to Prior Work

Due to the relative novelty of VR in thisfield, only 51 eligible
studies were published in the past 14 years. Research so far has
mostly focused on feasibility or pilot studies, aimed at testing
the ability of VR to be integrated into interventions [69], with
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a minority of studies focusing on answering fundamental
research questions through the use of VR [28]. Most studies
employed semiexperimental designs without a control or
comparison group and often had ashort or no follow-up, limiting
thevalidity and generalizability of results. Studiesalso included
relatively small samples and were often nonrepresentative of
the general population (eg, students). However, as the use of
VRinthefield of health promotion and prevention is still inits
infancy, it appears natural to see a stronger focus on pilot or
feasibility studiesin the published literature.

Strength and Limitations of the Scoping Review

When considering whether VR is effective in health prevention,
it should first be noted that the effectiveness of VR interventions
was variable. For instance, while some studies indicated that
VR could enhance user engagement and motivation [59], others
found no significant differences in outcomes compared to
traditional methods [71]. This highlights the need for further
research to clarify the conditions under which VR is most
effective. This scoping review showed that sometimes VR use
isnot systematically more effectivein achieving target outcomes
than its nonimmersive equivalents[41,54,71]; we supposed that
to be more effective, VR should be used for its specific
immersive characteristics, such as gamification or embodiment,
which directly involve the user. For example, skills practice in
VR was more effective than role-playing in rea life to learn
about risk behaviors and ways to avoid them (eg, buying
condoms for safer sex) due to VR scenarios’ ability to recreate
asituation that isrealistic, induce emotional changesin the user
as the scenario goes on, and finally, make the user have a real
first-person experience [42]. Similar results appeared in [61],
in which VR was used to represent a vaccination intervention
to stop flu spread (ie, participants used handheld controllers to
actively send immune cellsto prevent flu transmission), whereas
in other conditions, participants were just passively watching
(avideo on a2D screen or a pamphlet).

It isimportant to consider the limitations of this review when
interpreting the findings. First, as the use of VR in health
promotion and prevention psychology is a relatively recent
phenomenon, our literature search focused on the last 14 years
(2010 - 2024). This resulted in the inclusion of 51 eligible
articles, which may have excluded earlier or less accessible
studies. However, the majority of included studies (63%) were
published between 2020 and 2024, reflecting the increasing
affordability and accessibility of VR technology for research
in recent years. Therefore, the likelihood of missing pivotal
studiesislow. Second, the search strategy did not include gray
literature, which may have reduced the total number of eligible
articles and introduced publication bias by excluding studies
with nonsignificant or null results (the file drawer effect). To
address this gap, future reviews should consider including gray
literature to provide a more comprehensive overview of the
field. Third, some studies lacked sufficient reporting of critical
aspects such as sample characteristics (eg, size and
demographics) and details of VR implementation (eg, exposure
duration, type of VR technology used). Thislimited our ability
to draw broad conclusions about the efficacy and applicability
of VR in this area. Addressing these reporting gaps in future
research will improve the comparability and quality of evidence
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in this rapidly evolving area of study. Fourth, although our
literature search was updated during the initial revision, which
was completed just a few weeks prior to this submission, we
recognize that VR research is advancing rapidly. It istherefore
possible that new studies may emerge shortly after the
conclusion of our search period, which may influencetheresults
of futurereviews. To addressthis, future updates could consider
conducting more frequent searches or establishing acontinuous
review process to ensure that all emerging dataareincluded in
real time. However, we are confident that thisreview accurately
reflects the state of the literature as of our latest search.

Per spectives and Future Research Directions

Standardization of Designs and Replication

Although the results of our scoping review suggest that VR has
potential as atool for health promotion, the field is still in its
infancy. Many studies in this area are limited by small sample
sizes, short follow-up periods, and inadequate experimental
control. Replication isessential to strengthen thereliability and
validity of these findings [72,73]. Replication of these studies
in diverse populations and settings will help confirm the
generalizability of the findings and identify any boundary
conditions, such as differencesin user demographics, technology
exposure, or the specific health behaviors targeted [74,75]. In
addition, replication can shed light on the mechanisms
underlying the effectiveness of VR interventions, which may
vary depending on the context and population studied.
Therefore, further replication is essential not only to solidify
current evidence, but also to ensure that VR interventions are
applicable and effective across awide range of health promotion
and primary prevention efforts. Replicating existing results to
increase the amount and quality of empirical evidence
supporting the use and benefit of VR inthisfield is needed. For
example, in thisscoping review, we saw that individuals showed
an increased knowledge regarding health-related topics[20,69]
or changed their behavioral intentions [44,61] when exposed
toaVR intervention. However, not all studies provided evidence
to fully support these claims [47,63], in addition to the lack of
any perspective on how long these effects last or if they are
applicable to less specific populations. Therefore, a focus on
study replication can strengthen the advancement of research
inthisfield and at the same time prevent areplication crisis, as
observed in other fields of behavioral sciences and medicine
[76]. Thereisalso acritical need for future research to employ
longitudinal study designs. Long-term follow-up isparticularly
important in preventive psychology, where sustained behavior
change and long-term health outcomes are key indicators of
SUCCess.

VR vs Nonimmersive Apparatus

The effectiveness of VR compared to nonimmersive
interventions, such as 2D presentations, remains controversial.
Evidence from the studiesincluded in thisreview showed mixed
results. Although some studies reported that VR interventions
increased engagement and enjoyment, others found no
significant differencesin outcomes compared to nonimmersive
methods [59,71]. The immersive features of VR, such as
gamification and embodiment, appear to be particularly effective
in scenarios that require active user involvement. For example,
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participants who practiced risk-avoidance skillsin VR showed
better retention than those who used real-life role-playing [42].
Similarly, the use of VR in interactive scenarios, such as
vaccination education, showed higher levels of engagement
than passive modalities such as 2D videos or pamphlets [61].
However, studies have aso shown that VR does not always
outperform traditional methodsin terms of physical activity or
knowledge acquisition. This variability highlights the need for
future research to clarify the specific contexts in which the
immersive qualities of VR are most effective. Systematic
assessment of key mechanisms such as presence and immersion
could help determine whether VR's effectiveness is primarily
due to its immersive nature or to other factors such as
interactivity or novelty.

Assessing presence and immersion iscrucial for understanding
the mechanisms underlying VR and its effects [14]. Evaluating
the feeling of presence helps determine the extent to which
participants are psychologically immersed in VEs and allows
for the identification and correction of potential errorsin the
VE that could influence presence and, consequently, the
effectiveness of VR-based interventions or content. Additionally,
addressing such errors can prevent cybersickness and ensure
the smooth execution of experiments [50]. Measuring presence
and immersion provides vauable insights into individuas
capacity to engage with VR compared to nonimmersive
interventions and hel psidentify how these factors correlate with
target outcomes.

Set Up for Success

Conducting feasibility or pilot studiesto test the VR procedure
and VEs is recommended. As shown in the scoping review,
evaluating the enjoyability, usability, and safety of the procedure
can be very helpful. Finally, co-designing the VR-based
intervention with participants from the targeted population can

Bonneterre et d

enhance the relevance, validity, and user experience with the
intervention itself. Cocreating a procedure with participants
could induce a bias in their judgment, making them judge the
intervention more positively than it actually is. Pilot testing with
different groups of participantsis recommended to validate the
final design.

Make It Simple and Clear for Participants

VR studies are attractive to participants (eg, higher attendance
for intervention sessions than the non-VR condition in
[19,42,77]), but they can be complex to follow al the way
through (ie, risk of cognitive overload, fatigue [78]). When
designing studies using VR, keeping them as simple and short
as possible will minimize participant burden and fatigue. It is
also highly possible that most participants have never
experienced VR before, so making sure they understand how
to move and interact with the environment at first is necessary.
If possible, we recommend doing a short tutorial on how to use
the controllers or putting the participant in atutorial VE before
the experimental procedure. The participants can then fully
concentrate on what is happening in the VR rather than think
about how to interact with the VE.

Conclusion

This scoping review provides an overview of VR's emerging
role in health promotion and prevention psychology,
highlighting its potential to create immersive and engaging
interventions. Although VR has shown promise in delivering
health interventions and answering fundamental research
questions, its effectiveness remains variable, and many studies
are limited by methodological constraints. Future research
should prioritize replication, longitudinal designs, and
standardized methodologies to strengthen the evidence base
and realize the full potential of VR in thisfield.
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Abstract

Background: Virtual redlity (VR) is showing increasing promise for assessing, understanding, and treating mental health
difficulties. Virtual humans (VHs) represent akey aspect within many VR mental health applications. While VHs can play diverse
roles and display varied characteristics, their design and influence have rarely been the primary focus of mental health research.

Objective: We aimed to carry out a systematic review of how VHs in immersive VR have been used in applications for mental
health, focusing on their roles and interaction types, and the human characteristics being tested.

Methods: Following the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines, we
searched PubMed, MEDLINE, PsycINFO, Scopus, and Web of Science, using defined keyword combinations involving VR,
VHs, and mental health. Eligible studies included peer-reviewed research using immersive VR with VHs in a mental health
context, without restrictions on study design or population. We excluded nonimmersive VR, honmenta health applications, and
papers without empirical data. Data were synthesized narratively, and a taxonomy to categorize VHs that we developed was
used.

Results: A total of 79 studies met all eligibility criteria. VHs were most frequently applied in studies on social anxiety (n=18),
eating disorders (n=18), and psychosis (n=15). They were primarily used as active social interaction partners (n=40), as part of
virtual crowds (n=16), and as virtual bodies for participants (n=23). Explicit interactions dominated active partner studies, while
implicit and passive or no interactions were prevalent in crowd and body studies. Over half of the studies (n=44) varied the VH
characteristics, with body size and gender being the most common variables, and personality was explored in fewer studies (n=5).
Only alimited number of studies provided detailed descriptions of VVH appearance and behavior, with someincluding still images
and videos.

Conclusions: VHsareversatiletoolsto be used within VR mental health applications, but their design features areinconsistently
reported and insufficiently examined in relation to intervention outcomes. Evidence is limited by heterogeneity in study aims,
designs, and populations, and by incomplete reporting of VH characteristics, which constrains replication and cross-study
comparison. Standardized reporting and systematic investigations of VH design are needed to optimizetheir rolesin evidence-based
mental health applications.

Trial Registration: PROSPERO CRD42021244748; https.//www.crd.york.ac.uk/PROSPERO/view/CRD42021244748

(IMIR XR Spatial Comput 2025;2:e75087) doi:10.2196/75087

KEYWORDS
virtual reality; virtual human; agent; avatar; mental health
anxiety in participants [2,3]. Since approximately 2013,

advancements in VR technology and reductions in cost have
significantly improved accessibility, enabling the use of VHs

Introduction

Virtual humans (VHs) have been part of virtua redlity (VR)

mental health applications since the late 1990s. The pioneering
work by Rivaand Melis[1] used images of afemale silhouette
in VR to represent the participant’s body, marking one of the
earliest uses of VHs in mental health research. Other early
studies showed that virtual audiences could effectively induce

https://xr.jmir.org/2025/1/e75087

inresearch areas such as understanding paranoia[4,5], managing
autism-centered interventions [6,7], and improving symptoms
from posttraumatic stress disorder (PTSD) [8]. Some recent
applications have integrated virtual coaches to guide patients
and automate treatments [9,10], as well as body swapping
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experiences that allow participants to switch between different
entities to experience perspective changes [11-13].

VHsenableresearchersto simulate socia interactions commonly
encountered indaily life [14,15] or under special circumstances
such as conflict or danger [16,17]. They can aso serve as the
self-representations of participants through the sense of
embodiment and the creation of theillusion that the virtual body
they see and control is their own body [18]. Compared to
experimental setupswith trained real actors, VHsprovide greater
experimental control and repeatability, preserving ecological
validity [19].

Despite their growing use and potential, VHs have not been
studied thoroughly in mental health research. Thisgap is partly
dueto theinherently multidisciplinary nature of thefield, which
requires expertise in psychology, immersive technologies, and
3D design to build VHs that are clinically suitable and
technically feasible. Furthermore, conducting full-scale clinical
trials to evaluate VH design within patient populationsis often
impractical. In contrast, the computer science community has
explored VHs to optimize their visual and animation quality
[20-22], develop redlistic and adaptive behaviors [23-25], and
create open-source character libraries [26-28]. These technical
advances offer promising opportunities to extend the
applications of VHs in mental health beyond their current use.

Understanding the role and impact of VHs in mental health
research is essential for optimizing current implementations
and discovering future applications. As VR and character
creation software toolsimprove, VHs have the potential to play
an even more important role in mental heath, offering
customized therapeutic experiences with fine-tuned emotional

Wei et d

attributes designed specifically for each patient. We present a
systematic review of research studies in mental health VR
featuring VHs, from the early development of VR until
November 2024. This review proposes a taxonomy based on
the most important aspectsto consider in VHsfor mental health
applications and classifiesthe studiesfound in thisdomain. The
systematic review addresses the following questions:

«  What roles and functions have VHs played in VR mental
health research?

«  What have been the chosen agenciesfor VHsin VR mental
health research?

«  What characteristics of VHs have been examined in VR
mental health research?

Methods

Categorizing VHsin Mental Health VR

We present a taxonomy of VHs in mental health VR (Figure
1), with categorization of their features into 3 main aspects:
role, agency, and interaction type. These featureswere selected
because they represent the critical dimensionsinfluencing how
VHs are designed, implemented, and experienced in mental
health VR. Role definesthe primary function of the VH within
the virtual environment, agency determines the level of control
and autonomy the VH exhibits, and interaction type describes
the nature and depth of engagement between the VH and the
participant. Together, these features provide a framework for
understanding the diverse ways VHs are used in mental health
research, enabling researchers to systematically evaluate their
design and impact.

Figure 1. A taxonomy of virtua humans based on existing mental health virtual reality studies. 1PP: first-person perspective; 3PP: third-person

Virtual human taxonomy

perspective.

Role

Agency

Interaction type

This framework was inductively derived from the included
studies, and it was also supported by prior classification

https://xr.jmir.org/2025/1/e75087

RenderX

Active social interaction partner
Virtual crowds

Virtual bodies

Avatar (user-controlled, 1PP)

Virtual agent (computer-controlled, 3PP)

Explicit (eg, conversation, physical interaction)
Implicit (eg, eye contact, adjusting distance)

Passive/noninteractive (eg, background asset)

approaches in VR and virtual character research. Existing
taxonomies highlight comparable dimensions—distinguishing
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characters according to their functional role [29,30], level of
autonomy or agency [19,29,31,32], and communicative capacity
or interaction features [19,30]. By aligning with these
established design variableswhile adapting them to the specific
context of mental health VR, our taxonomy provides both
empirical grounding and theoretical consistency with prior
frameworks.

Role

Therole of VHs can be divided into 3 categories: active social
interaction partners, virtual crowds, and virtual bodies. These
categorieswere chosen to reflect the distinct ways VHs are used
in VR mental health research across diverse applications. They
emerged from recurring functional patterns observed across
studies and align with prior literature around VHs, which
supports the distinction among interactive agents, crowds, and
avatars as the most common roles [33-35]. For example,
Kyrlitsias and Michael-Grigoriou [33] differentiated VHs by
their interaction scenario and level of engagement, while other
researchers have examined the psychol ogical impacts of virtual
crowds compared to individual characters [34,36].

Active social interaction partners engage with participants to
simulate interactions through verbal and nonverbal
communication [13,37]. A virtual coach is an example of an
activeinteraction partner that focuses on providing guidance or
feedback to facilitate psychological treatment [9]. Virtua
crowds, unlike active social interaction partners, have limited
contact with participants or normally interact passively with
implicit interaction, such as making eye contact [38]. It is
common for virtual crowdsto be part of the stimuli inthevirtual
world [39]. Virtual bodies focus on body representation, either
by depicting arange of body types[1] or serving as the user’'s
avatar for embodiment experiences [40].

Agency Avatars and Agents

Agency refersto the state or entity of taking action or exerting
control [41] and can be categorized as avatars and virtual agents
(VAS).

Anavatar isadigital representation controlled by auser, serving
as their own body in a different medium, for example, in a
virtual environment [41]. Typically viewed from afirst-person
perspective, avatars are co-located with the user’s real body.
The real body is usually concealed, thus overriding them and
creating the illusion that the body they see is their own body.
The term “avatar” has often been misused in VR studies to
describe any VH, even those who do not represent any user and
are controlled by a computer.

https://xr.jmir.org/2025/1/e75087
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A VA is a computer-generated character designed to simulate
human interaction autonomously, moving and responding
without being controlled by areal person [42]. VAsare mainly
controlled by computers and typically viewed from a
third-person perspective. They can exhibit varying degrees of
autonomy, with semiautonomous agents combining computer
automation with operator intervention. Thisapproachisreferred
to as the Wizard of Oz technique [43] (a hidden operator
simulates autonomous system behavior) and allowsresearchers
to make VAsrespond in real-time based on participant responses
while still being computer-animated [19].

I nteraction Types of VAs

VAs can have different degrees of interaction with human
participants. We have categorized them into explicit, implicit,
and passive or noninteractive.

Explicit interactions involve direct engagement between a VA
and a participant, such as conversations, physical interactions
(eg, shaking hands[44]), or collaborative activities (eg, playing
a sport together [45]). Explicit interactions aim to replicate
real-life social experiences, and they can be difficult to
implement due to the complexity of managing a large pool of
possible outcomes.

Implicit interactions include subtle behaviors, such as
acknowl edging the participant’s presence by making eye contact
or adjusting interpersonal distance, without fully engaging in
an explicit interaction. Such interactions are less
resource-intensive than explicit ones and still contribute to
enhancing the sense of presence [46,47], making participants
feel as if they are part of the scene rather than just being
spectators.

Passive or noninteractive VAs act as background elements in
VR environments, unresponsive to participant actions. They
are easier to implement due to the scripted nature of their
animations. They are used for crowd simulations and creating
social situations such as populating a virtual restaurant [48] or
constructing an office scene [49].

Inclusion and Exclusion Criteria

The inclusion and exclusion criteria for eligible studies are
summarized in Textbox 1. In brief, studies were required to (1)
use VHswithin animmersive VR setting; (2) involve assessment
or intervention related to mental health conditions; and (3)
include empirical data from human participants. Studies were
excluded if they were not related to mental health, did not
involveaV R-based VH, or were not avail able as peer-reviewed
full-text articlesin English.
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Textbox 1. Inclusion and exclusion criteria.

Wei et d

Inclusion criteria

«  Population: Human participants

« Application area: Mental health assessment or intervention

«  Other criteria: English; available as full text

Exclusion criteria

«  Population: Nonhuman studies

« Application area: Not related to mental health

«  Other criteria: Non-English; conference abstract

o  Technology use: Immersive virtual reality (VR) with virtual human (VH) characters

«  Study type: Empirical study involving more than one participant with data collection

«  Technology use: VR without VH or nonimmersive VR (eg, desktop system)

«  Study type: Reviews, protocols, abstracts only, commentaries, and opinion pieces

Search Strategy

The literature search was performed in PubMed, Scopus,
MEDLINE (Ovid), PsycINFO (Ovid), and Web of Science
(Clarivate), with title and abstract searches for keyword
combinationsinvolving (1) VR, (2) VH, and (3) mental health.
The keyword query was structured as follows: [(virtual reality
OR immersivevirtual reality OR VR) AND (virtual human OR
virtual character OR virtual agent OR avatar OR humanoid)
AND ((assessment OR treatment OR therapy OR mental health)
OR (mood disorders OR depress* OR hipolar OR mania OR
paranocia OR psychosis OR psychotic OR schizophren* OR
schizotyp* OR delus* OR hallucinat* OR phobias OR obsessive
compulsive disorder OR OCD OR anxiety OR post traumatic
stress disorder OR PTSD OR trauma OR anorexia nervosa OR
bulimia nervosa OR eating disorders OR binge eating OR
insomnia OR sleep OR nightmares OR circadian OR panic OR
substance OR abuse OR cannabis OR tobacco OR acohol OR
amphetamine OR hallucinogens OR heroin))]. Details of the
searches for each database in the corresponding platforms can
be found in Multimedia Appendix 1. A completed PRISMA
(Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) checklist [50] is presented in Checklist 1.

Article Screening

Following database searches, we identified 2596 records
(Scopus, n=1232; Web of Science, n=712; PubMed, n=233;

https://xr.jmir.org/2025/1/e75087

APA PsycINFO, n=247; MEDLINE, n=172) between 1997 and
2024 (final search: November 20, 2024). After removing 1085
duplicates (11 manually and 1074 via Covidence), 1511 unique
records remained. Title and abstract screening excluded 1280
records that did not involve a VH character, did not use
immersive VR, were unrel ated to mental health, were nonhuman
studies, or were non-English studies. The remaining 231 full-text
articles were then assessed in detail, with the reasons for
exclusion including the following: not immersive VR (n=73),
not related to menta health (n=31), not full paper (eg,
conference abstract) (n=21), no empirical data (n=19), no VH
(n=11), and case study with only 1 participant (n=3).

Results

Search Results

Figure 2 (PRISMA diagram [50]) summarizes the search and
screening results. In total, 79 studies were included in the
review: 73 that met all éigibility criteriaat full-text screening
and 6 identified through citation chaining. We have provided a
list of studiesthat primarily used VHsasactive social interaction
partners (Table 1), virtual crowds (Table 2), and virtual bodies
(Table 3), along with a brief summary for each.
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Figure2. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram. VR: virtual reality.
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Table. Studiesthat primarily used VHs? as active social interaction partners.
Study Role Agency Virtual agent  Parametersfor  Condition Participants, n  Participant Comments on
interaction manipulation characteristics findings
type
Leeetal [51], Activeinterac- Agent Implicitinter- __b Substance 16 Maleswho VHsin cueex-
2004 tion partner action abuse smoked at posuretherapy
least 10 exerted a
cigarettesa stronger im-
day pact compared
to seductive
objects.
Park etal [52], Activeinterac- Agent Explicitinter- Gender; Emo- Psychosis 54 Patientsdiag- VHswith
2009 tion partner action tional facial nosed with emotional fa-
expression schizophrenia cia expres-
andthenon-  sions success-
clinical gener- fully triggered
a population  emotiona and
biological re-
Sponses.
Wieser et a Activeinterac- Agent Implicitinter- Gender; Gaze Socia anxiety 39 Femaleswith  Women paid
[53], 2010 tion partner action pattern; Inter- social anxiety moreattention
personal dis- to the weight-
tance gain areas on
VHsthan
men.
Kwon et a Activeinterac- Agent Explicitinter- — Social anxiety 20 Studentswith  VHsprovoked
[54], 2013 tion partner action social anxiety  both stronger
anxiety and
presence than
thoseinanon-
immersivedis-
play.
Powersetal  Activeinterac- Semiau- Explicitinter- — Social anxiety 26 Femaleunder- Encountering
[55], 2013 tion partner tonomous action graduates VHs could
agent trigger strong
anxiety and
fear.
Hanetd [56], Activeinterac- Agent Explicitinter-  Attitude (posi- Psychosis 45 Patientswith  Patients with
2014 tion partner action tive, negative schizophrenia  schizophrenia
dialog) andthenon-  had active
clinical gener- avoidance of
al population  eye contact
with VHs
compared to
healthy con-
trols.
Hartantoetal  Activeinterac- Semiau- Explicitinter-  Attitude (posi- Social anxiety 24 General popu- Positivedialog
[57], 2014 tion partner tonomous action tive, negative lation feedback from
agent dialog) VHs resulted
inlessanxiety,
lower heart
rate, and
longer an-
Swers.
Paneta [58], Activeinterac- Semiau- Explicitinter-  Personality Socia anxiety 24 Malepartici- VHswitha
2015 tion partner tonomous action (confident, pants shy personali-
agent shy) ty can be per-
ceived asmore
friendly.
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JMIR XR AND SPATIAL COMPUTING (IMXR) Wei et a
Study Role Agency Virtual agent  Parametersfor  Condition Participants, n  Participant Commentson
interaction manipulation characteristics findings
type
FornellsAm-  Activeinterac- Semiau- Explicitinter- Responsive- Psychosis 61 Male partici-  Highly contin-
brojoetal [4], tion partner tonomous action nessin socia pants gent VHswere
2016 agent interaction perceived as
moretrustwor-
thy for ex-
tremely para-
noid individu-
als.
Ryanand Grif- Activeinterac- Agent Implicit inter- — Socia anxiety 27 Students VRE exposure
fin[59], 2016 tion partner action toaVH could
successfully
trigger social
anxiety.
Faconeretal Activeinterac- Agentand/or  Explicitinter- — Depression 15 Patientswith  Changing the
[11], 2016 tion partner avatar action depression viewer per-
spectivein a
virtual social
interaction
could decrease
self-criticism
and increase
self-compas-
sion.
Robitailleetal Activeinterac- Agentand/or  Explicitinter- Responsive- pTSDY 12 Nonclinical Participants
[60], 2017 tion partner avatar action nessin socia military mem- with PTSD
interaction bersand mili- displayed a
tary members lack of naviga
withmildtrau- tional behav-
matic brainin- ior during a
jury VH interac-
tion.
Amaral eta  Activeinterac- Agent Implicit inter- — Autism 15 Patientswith  VH affected
[6], 2018 tion partner action high-function- socia atten-
ing ASD® tion among pa
tients with
autism.
Perciedu Sert  Activeinterac- Semiau- Explicitinter- — Psychosis 15 Patientsdiag- VR therapy
eta [6]], tion partner tonomous action nosed with with VH could
2018 agent schizophrenia improve audi-
tory verbal
hallucinations
and depressive
symptoms.
Freemaneta Adctiveinterac- Agent Explicitinter- — Phobias 100 Individuals A virtual therar
[62], 2018 tion partner action with afear of  pist could help
(virtual coach) heights automate the
VR therapy.
Shineta [63], Activeinterac- Agent Explicitinter- Differentlev- Others 64 General popu- Exposure to
2018 tion partner action els of social lationand pa- VHsingam-
pressure tientswithin- ing cafestrig-
ternet gaming  gered gaming
disorder cravings.
Kothgassneret  Activeinterac- Agentand/or  Explicitinter- Perceived Socia anxiety 56 Students Virtua socia
a [64],2019 tion partner avatar action agency (avatar support froma
Vs agent) VH could be
effectivewhen
the recipient
thought it was
from ahuman.
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JMIR XR AND SPATIAL COMPUTING (JMXR)

Wei et d

Study

Role

Agency

Virtua agent
interaction

type

Parametersfor
manipulation

Condition

Participants, n  Participant

characteristics

Comments on
findings

Quintana et a
[65], 2019

Reichenberger
et al [66],
2019

Slater et a
[13], 2019

Seoeta [67],
2019

Miloff et al
[68], 2020

Nijman et &
[69], 2020

Kimetal [70],
2020

Leeeta [71],
2021

Activeinterac-
tion partner

Activeinterac-
tion partner

Activeinterac-
tion partner
(virtual coach)

Activeinterac-
tion partner

Activeinterac-
tion partner
(virtual coach)

Activeinterac-
tion partner

Activeinterac-
tion partner

Activeinterac-
tion partner

Agent

Agent

Agent and/or
avatar

Agent

Agent

Semiau-
tonomous
agent

Agent

Agent and/or
avatar

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Gender; Inter-
action pattern
(with or with-
out aversive
behavior)

Diaog con-
tents (self-dia-
log versus
scripted dia-
log)

Interaction
pattern (combi-
nation of gaze
and pointing)

Facia expres-
sion

Social anxiety

Social anxiety

Depression

Social anxiety

Phobias

Psychosis

Others

Psychosis

53

60

58

33

70

22

36

Female adults

General popu-
lation

General popu-
lation

General popu-
lation

Patientswitha
fear of spiders

Patients with
psychotic dis-
orders

Nonclinical
male volun-
teers

Patients diag-
nosed with
schizophrenia
and the non-
clinical gener-
al population

Perception to-
ward the VH

could be affect-
ed by odorant
manipulation.

VHs could be
used to learn
about social
fear, and
women report-
ed higher fear
compared to
men.

Self-dialog
VR coaching
had better re-
sults than
scripted VR
counseling.

VHswith non-
verbal behav-
ior could be
used to mea-
sure and pro-
mote joint at-
tention.

Alliance to-
ward avirtual
therapistisa
significant
predictor of
treatment out-
comeinVR.

VHs facia
expressions
can be used to
train partici-
pants’ social
cognition.

VHs could be
used for assess-
ment and inter-
vention to pro-
mote subjec-
tive well-be-
ing.

The social
context creat-
edby VHsim-
pacted the dif-
ferencein
peripersona
space recogni-
tion.
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JMIR XR AND SPATIAL COMPUTING (JMXR)

Wei et d

Study

Role

Agency

Virtua agent
interaction

type

Parametersfor
manipulation

Condition

Participants, n

Participant
characteristics

Comments on
findings

Kothgassner et Activeinterac-

a [45], 2021

Brander et al
[72], 2021

Guldager et a
[73], 2022

Freeman et a
[9], 2022

Fusaro et a
[7], 2023

Bektaset a
[74], 2023

Giguéreet d
[75], 2023

tion partner

Activeinterac-
tion partner

Activeinterac-
tion partner

Activeinterac-
tion partner
(virtual coach)

Activeinterac-
tion partner

Activeinterac-
tion partner

Activeinterac-
tion partner

Agent and/or
avatar

Semiau-
tonomous
agent

Agent

Agent

Agent and/or
avatar

Agent

Semiau-
tonomous
agent

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Perceived
agency (avatar
Vs agent)

Visual and be-
havioral traits
of the virtua
character
through cus-
tomization

Voice and fa
cia expres-
sions

Social anxiety

Psychosis

Substance
abuse

Psychosis

Autism

Eating disor-
der

Substance
abuse

84

109

372

346

53

70

19

Females

Psychiatric
hospital staff
(psychothera-
pists, nursing
staff, and ad-
ministrators)

Students aged
15 - 18 years

Patients with
psychosis

General popu-
lationandindi-
viduals with
ASD

Patients with
anorexia ner-
vosa

Patients with
cannabis use
disorder and
severe mental
disorders

Social interac-
tion experi-
encewithVHs
was compara-
bleto thereal-
lifeexperience
of cyberbully-
ing.

The function
to customize
VHsfor VR
treatment was
highly valued
by clinical
staff.

VR party smu-
lation could
improve ado-
lescents’
drinking re-
fusal skills.

Automated
VR therapy
with VHs
could reduce
anxiousavoid-
ance and dis-
tressin every-
day situations.

Autistic adults
exhibited
greater inter-
personal dis-
tance with
VHs.

The addition
of aVH tothe
virtual kitchen
scenecouldin-
creasetheaso-
ciation be-
tween food-
specific state
disgust and
symptoms of
eating disor-
ders.

The VH inter-
vention could
reduce
cannabis use
among people
with cannabis
use disorder
and severe
mental disor-
ders.
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JMIR XR AND SPATIAL COMPUTING (JMXR)

Wei et d

Study

Role

Agency

Virtua agent
interaction

type

Parametersfor Condition

manipulation

Participants, n  Participant

characteristics

Comments on
findings

Halim et a
[12], 2023

Wei et al [37],
2023

Artiran et a
[76], 2024

Natali et al
[77], 2024

Hidding et a
[78], 2024

Freeman et a
[10], 2024

Activeinterac-
tion partner

Activeinterac-
tion partner
(virtual coach)

Activeinterac-
tion partner

Activeinterac-
tion partner

Activeinterac-
tion partner

Activeinterac-
tion partner
(virtual coach)

Agent and/or
avatar

Agent

Agent

Agent

Agent

Agent

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

Explicit inter-
action

— Depression

Headnodsand Phobias
facial expres-
sions

Levelsof atten-  Autism
tion (degrees

of backchan-

nels)

— Eating disor-

der

— Others

— Psychosis

36

120

30

145

68

11

Young adults

General popu-
lation with a
fear of heights

Patients with
autism and the
nonclinical
population

Patients with
anorexia ner-
vosa

Undergraduate
students with
high levels of
self-criticism

Patients with
nonaffective
psychosis and
low positive
self-beliefs
(aged 16 - 26
years)

Changing the
viewer per-
spective
throughavirtu-
al body swap-
ping experi-
ence can help
enhance self-
compassion
and reduce de-
pressive symp-
toms.

The detailed
design of a
virtual coach’s
emotional at-
tributes could
affect people’'s
therapeutic al-
liance and
their confi-
denceinthe
VR therapy.

The behavior
of virtual inter-
viewersinflu-
enced the
gazes and
head move-
mentsinindi-
viduals with
autism.

VHs could
provide posi-
tive socia sup-
port to patients
with anorexia
nervosain a
VR food expo-
sure scene.

Expressing
compassion to
aVH with
similar self-
criticism could
reduce self-
criticism and
increase self-
compassion.

Automated
VR therapy
with avirtual
coach could
improve self-
beliefs and
well-being in
young patients
with psy-
chosis.
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JMIR XR AND SPATIAL COMPUTING (JMXR)

Wei et d

Study Role Agency Virtual agent  Parametersfor Condition Participants, n  Participant Comments on
interaction manipulation characteristics findings
type
Yamashitaand Activeinterac- Agentand/or  Explicit inter-  Identity of the Social anxiety 60 Studentswith VR self-coun-
Yamamoto tion partner avatar action VH (Freud or personal prob-  seling with the
[79], 2024 (virtual coach) an intimate lems intimate other
person of the avatar was
participant) most effective
inimproving
people’s anxi-
ety.
Banakouetal Activeinterac- Agent Explicitinter- — Social anxiety 45 General popu- Single-session
[80], 2024 tion partner action lation with VR exposure
public speak-  therapy with
ing anxiety gradually in-
creasing stimu-
lusintensity
may be as ef-
fectiveasmul-

tisession expo-
surefor public
speaking anxi-
ety.

A/H: virtual human.

BNot applicable.

SVR: virtual redlity.
dpTSD: posttraumatic stress disorder.

€ASD: autism spectrum disorder.
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JMIR XR AND SPATIAL COMPUTING (IMXR) Wei et a
Table. Studiesthat primarily used VHs? as virtual crowds.
Study Role Agency Virtual agent  Parametersfor  Condition Participants, n  Participant Comments on
interaction manipulation characteristics findings
type
Slateretd [3], Virtua crowds Semiau- Implicit inter-  Attentional fo- Socia anxiety 10 General popu- A virtual audi-
1999 tonomous action cus level lation ence could be
agent used to treat
public speak-
ing fears,
Higher per-
ceived audi-
enceinterest
reduced public
speaking anxi-
ety.
Tarnanaset al  Virtua crowds Agent Passiveinterac- __b Social anxiety 120 General popu- Virtual crowds
[49], 2003 tion lation and pa-  triggered psy-
tientswith chological and
work-related  biological reac-
stress disor- tionsin social
ders anxiety.
Freemaneta Virtua crowds Agent Passiveinterac- — Psychosis 24 General popu- Peopletend to
[81], 2003 tion lation attribute their
mental states
to VHs.
Freemaneta Virtua crowds Agent Passiveinterac- — Psychosis 30 People cover-  Neutra charac-
[82], 2005 tion ing thewhole  terscould elic-
range of para- it peopl€'sper-
noia secutory
thoughts and
be used to un-
derstand psy-
chosis.
Freemaneta Virtua crowds Agent Passiveinterac- — Psychosis 200 Genera popu- Neutrd charac-
[15], 2008 tion lation terscould elic-
it paranoid
ideation
among the
generd popula
tion.
Choeta [83], Virtua crowds Agent Implicit inter- — Substance 10 Population The presence
2008 action abuse withalowlev- of aVH incue
el of dcohol ~ exposurein-
dependence duced stronger
cravings.
Rizzo et a Virtual crowds Agent Implicit inter- — PTSDC 20 Active duty A VRY envi-
[39], 2010 action servicemem-  ronment with
bers VHs could
simulate awar
scene for the
clinical treat-
ment of PTSD
and depres-
sion.
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JMIR XR AND SPATIAL COMPUTING (JMXR)

Wei et d

Study

Role

Agency

Virtua agent
interaction

type

Parametersfor
manipulation

Condition

Participants, n

Participant
characteristics

Comments on
findings

Brinkmaneta Virtua crowds Agent

[48], 2011

Shiban et d
[84], 2015

Mountford et
al [85], 2016

Atherton et al
[86], 2016

Gurerk et a
[14], 2019

Takac et d
[87], 2019

Wei et al [88],
2024

Gayer-Ander-
son et a [89],
2025

Virtual crowds

Virtual crowds

Virtual crowds

Virtual crowds

Virtual crowds

Virtual crowds

Virtual crowds

Agent

Agent

Agent

Agent

Agent

Agent

Agent

Passiveinterac-
tion

Passiveinterac-
tion

Passiveinterac-
tion

Passiveinterac-
tion

Passiveinterac-
tion

Implicit inter-
action

Implicit inter-
action

Implicit inter-
action

Density; Eth-
nic appearance
(White Euro-
pean or North
African)

Different
working behav-
iors

Crowd size;
Attentional fo-
cus level

Facia expres-
sions

Social anxiety

Social anxiety

Eating disor-
der

Psychosis

Social anxiety

Social anxiety

Psychosis

Psychosis

26

18

26

108

19

122

481

General popu-
lation and pa-
tients diag-
nosed with
schizophrenia

General popu-
lation

General popu-
lation

Males report-
ing paranoid
ideation with-
in the past
month

General popu-
lation

General popu-
lation

General popu-
lationwith ele-
vated paranoia

Adolescents

VR exposure
toanincreased
density and
proportion of
VHswith oth-
er ethnicities
induced strong
physiological
arousal and
distress.

VHscan be
used to under-
stand social
fearsin VR.

The exposure
to VHsdid not
necessarily
change peo-
ple'sin-state
body image.

People’'sown
self-confi-
dence could
affect their
paranoid
thoughts to-
ward the VHs.

VHswith bet-
ter working
performance
could motivate
people to per-
form better.

Virtua audi-
ences could
elicit public
speaking dis-
tress, which
could last be-
yond VR ses-
sions.

The detailed
design of VH
faces affected
peopl€’s para-
noid interpreta-
tions.

VR school
scenes with
VHs could
help under-
stand the pre-
cursorsof ado-
lescents’ para-
noid ideation.
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JMIR XR AND SPATIAL COMPUTING (IMXR) Wei et a
Study Role Agency Virtual agent  Parametersfor Condition Participants, n  Participant Comments on
interaction manipulation characteristics findings
type
Roviraet a Virtual crowds Agent Explicitinter- — Substance 100 People who VR exposure
[90], 2024 action abuse smokedaily  to smoking-
cueVHsdicit-
ed stronger
cigarette crav-
ingsthan a
neutral envi-
ronment with-
out VHs.

8/H: virtual human.

BNot applicable.

°PTSD: posttraumatic stress disorder.
dVR: virtual reality.
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JMIR XR AND SPATIAL COMPUTING (IMXR) Wei et a
Table. Studiesthat primarily used VHs? as virtual bodies.
Study Role Agency Virtual agent  Parametersfor Condition Participants, n  Participant Commentson
interaction manipulation characteristics findings
type
Rivaand Virtual body  Agent Passveinterac-  Body size Eating disor- 119 Genera popu- Virtual figures
Melis[1], tion der lation could be used
1997 to understand
people’s body
images.
Perpifiaetal  Virtual body  Agent Passiveinterac- Body size Eating disor- 13 Patientswith  /RrP body im-
[91], 1999 tion der eating disor- age treatment
ders could have a
stronger im-
pact than stan-
dard treat-
ment.
Aymerich- Virtual body  Avatar Passiveinterac- Different lev-  Social anxiety 187 General popu- Having an
Franch et a tion elsof visua lation avatar with an
[92], 2014 similarity to insimilar face
the participant could reduce
anxiety.
Ferrer-Garcia  Virtual body ~ Agent Passiveinterac- Body size Eating disor- 23 College stu- Owning afat-
et a [40], tion der dents ter virtual
2017 body triggered
higher levels
of body anxi-
ety and fears
of weight
gain.
Ferrer-Garcia  Virtual body ~ Agent Passveinterac-  Body size Eating disor- 40 Female stu- Oowning avir-
eta [93], tion der dents tual body with
2018 different body
sizesproduced
changesin
body dissatis-
faction.
Porras-Garcia Virtual body ~ Agent Passiveinterac- Body size Eating disor- 35 College stu- Owningalarg-
et al [94], tion der dents er-size virtual
2018 body in-
creased peo-
pl€e’s body
checking be-
haviors.
Porras-Garcia Virtual body ~ Agent Passveinterac-  Body size Eating disor- 85 College stu- Women paid
eta [95], tion der dents more attention
2019 to the weight-
gain areas on
the virtud fig-
ure than men.
Porras-Garcia Virtual body ~ Agent Passveinterac-  Body size Eating disor- 50 Undergradu-  Participants
et a [96], tion der ates embodied
2019 through asyn-
chronous vi-
suotactile
technique had
higher anxi-
ety-associated
body dissatis-
faction.
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JMIR XR AND SPATIAL COMPUTING (JMXR)

Wei et d

Study

Role

Agency

Virtua agent
interaction

type

Parametersfor
manipulation

Condition

Participants, n  Participant

characteristics

Comments on
findings

Mertenset a
[97], 2019

Provenzano et
a [98], 2020

Scarpinaet
[99], 2019

Spanlang et a
[100], 2018

Fisher et al
[18], 2020

Porras-Garcia
et al [101],
2020

Gorisse et a
[102], 2021

Virtual body

Virtual body

Virtual body

Virtual body

Virtual body

Virtual body

Virtual body

Agent

Agent

Agent

Agent

Agent

Agent

Agent and/or
avatar

Passiveinterac-
tion

Passiveinterac-
tion

Passiveinterac-
tion

Passiveinterac-
tion

Passiveinterac-
tion

Passiveinterac-
tion

Explicit inter-
action

Body size

Body size

Interaction
pattern

Body size

Body size

Interaction
pattern (en-
gagement lev-
el with virtual
crowds)

Phobias

Eating disor-
der

Eating disor-
der

Psychosis

Eating disor-
der

Eating disor-
der

Psychosis

20

30

27

31

41

30

General popu-
lationandindi-
vidualswith a
fear of spiders

Patients with
eating disor-
ders

General popu-
lation and par-
ticipants with
obesity

General popu-
lation

Femaeadoles
cents

Female col-
lege students

General popu-
lation

Embodying
participantsin-
to avirtual
body from the

1PP could
improve the
validity of fear
conditioning.

Different per-
spectives (1PP
vs 3PP°) of
viewing the
virtual body
could change
peopl€e’'s body
image percep-
tion.

A body owner-
shipillusion
could becreat-
ed for both
people with
obesity and
the general
population.

The body
ownershipillu-
sion could
trigger peo-
ple’s biologi-
cal reactions.

Body size
evaluation re-
sultsfrom VR
werecompara-
ble to paper-
based measure-
ments.

People could
have an atten-
tional bias to-
ward the em-
bodied virtual
figure because
of their own
body dissatis-
faction.

Observing a
body double
successfully
engageina
VR socid in-
teraction could
reduce para-
noia.
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JMIR XR AND SPATIAL COMPUTING (JMXR)

Wei et d

Study

Role

Agency

Virtua agent
interaction

type

Parametersfor Condition

manipulation

Participants, n

Participant
characteristics

Comments on
findings

Wolf et al
[103], 2021

van Gelder et
al [104], 2022

Yamamoto
and Nakao
[105], 2022

Burin et al
[106], 2022

Vahle and
Tomasik
[107], 2022

Mendoza-Me-
diadeaet al
[108], 2023

Ascioneet a
[109], 2023

Virtual body

Virtual body

Virtual body

Virtual body

Virtual body

Virtual body

Virtual body

Agent and/or
avatar

Agent and/or
avatar

Agent

Agent and/or
avatar

Avatar

Avatar

Avatar

Passiveinterac-
tion

Explicit inter-
action

Passiveinterac-
tion

Passiveinterac-
tion

— Eating disor-
der

Age(current  Others
self and future

sdf)

Color Depersondiza

tion

Embodiment  Others
perspectives

(1PP or 3PP)

Age (age-con- Others
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Mental Health Conditions

VHswere used inthefollowing research areasin mental health:
socia anxiety (n=20), eating disorders (n=18), psychosis (n=17),
substance abuse (n=5), phobias (n=4), depression (n=3), autism
(n=3), PTSD (n=2), dissociative disorders (n=1), and others
without specific mental health conditions (n=6).

Rolesof VHs

We categorized the studies based on our taxonomy. Studies
with overlapping roles were assigned to their primary role or
the one with the highest interactivity. The roles of VHs in the
included studies could be categorized into active social
interaction partners (n=40), virtual crowds (n=16), and virtual
bodies (n=23).

Active Social I nteraction Partners

In 40 studies, VHs primarily served as active social interaction
partners, tested in three different ways: (1) manipulating specific
VH characteristics to assess their influence, (2) comparing the
responses of clinical and nonclinical individuals, and (3)
validating whether VHs in VR could trigger participants
responses or replicate the effects of real-world experiences.

Manipulating VH Characteristics

Twelve studiesexplicitly examined VH characteristicsin social
interactions. Wieser et a [53] investigated the anxiety-inducing
effects of VH gender and gaze behaviors, finding that male
agents with direct gaze elicited stronger anxiety and heart rate
elevation among socially anxious women compared to female
agents. A similar gender-related effect was observed in a VR
fear conditioning program by Reichenberger et a [66], where
female patients reported higher anxiety to aversive behaviors
(eg, unpleasant air blasts) from male VAs than from female
VAs. Park et a [52] and Nijman et a [69] focused on nonverbal
behaviors, implementing different facial expressions on VHs
to help individuals with psychotic disorders practice emotion
recognition.

Researchers also manipul ated the dial og responses (positive or
negative) [57] and responsive frequency (high or low) [4] in
conversation agents. Both the attitude and reply frequency of
VHSs in a conversation affected participants behavioral (eg,
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interpersonal distance) and physiological (eg, heart rate)
responses. In another study by Slater et al [13], participants
engaged in a self-conversation by switching between 2 virtual
bodies: first embodying aVVH resembling themselvesto describe
their problem to avirtual Sigmund Freud and then embodying
Freud to offer advice to their virtual self. This method resulted
in a better perception of help compared to scripted dialog. A
similar design was then adopted by Yamashita and Yamamoto
[79], who found that VR self-counseling with an intimate other
avatar was most effectivein reducing anxiety. Furthermore, Pan
et a [58] explored theimpact of VH personality traits (confident
vs shy) on participants' perceptions, showing that the shy VH
was perceived as more positive and friendly. The effects of VH
emotional attributes were further demonstrated by Wei et al
[37], who showed that a virtual coach with positive facial
expressions and affirmative nods enhanced participants
therapeutic aliance and treatment confidence during a VR
fear-of-heights consultation. Lastly, the perceived agency of
VHs was studied by Kothgassner et al [45,64], who compared
participants' reactionswhen they believed they wereinteracting
with a human versus a computer. Both experiments indicated
that interactions with VHs can be as effective as interactions
with real-life counterparts, provided participants believe the
VH is controlled by a human in real time.

Comparing Clinical and Nonclinical Populations

In another use case, 5 studies used active interaction partners
to assess the differences between clinica and nonclinical
populations. Han et a [56] found that patients with
schizophrenia avoided eye contact more often when interacting
with 2 VHs in a 3-person conversation. Lee et a [71] used a
ball gameto study self-disturbances (eg, a distorted perception
of one’'s own body boundary), suggesting that patients with
schizophreniashowed longer reaction timesand aweaker sense
of body boundary compared to controls. Robitaille et a [60]
designed a scenario to detect executive functioning difficulties
in military personnel with traumatic brain injury. In a military
patrol scene, a virtual male dressed as a civilian was used to
simulate adivided attention task by approaching the participant.
Both groups tolerated the experience, but those with
posttraumatic brain injury displayed navigation difficulties after
adivided attention task was added. Lastly, Fusaro et a [7] and
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Artiran et a [76] studied the differences in responses to VHs
between participants with autism and nonclinical controls, and
found that individuals with autism maintained greater
interpersonal distance and responded less to VHS' social cues
(eg, head turning and direct gaze) during virtual interviews.

Validation Studies With VHs

Twenty-two studies used active interaction partners to
understand whether VHs in VR could trigger participants
responses or replicate the effects of a real-world experience.
Ten studiesinvolved participants with mental health conditions
or specific phobias. Three of them were related to psychosis.
Percie du Sert et a [61] tested a therapy for auditory verbal
hallucinations in psychosis. Patients interacted with a VH
representing the harmful voice they heard, and this exposure
reduced their auditory verbal hallucination—related depressive
symptoms. Freeman et a [9] developed gameChange, an
automated VR therapy designed to address agoraphobia in
psychosis. Patients were guided by a virtual coach through
everyday scenarios like visiting a general practitioner or
shopping, resulting in significant anxiety reduction, particularly
in those with severe symptoms. More recently, Freeman et al
[10] launched Phoenix, where acoach named Farah hel psyoung
patients with psychosis build self-confidence through guided
tasks. Two other studies focused on eating disorders. Bektas et
al [74] used a virtual kitchen scene in patients with anorexia
nervosa, finding that a VH encouraging patients to challenge
their disorder elicited stronger disgust reactions toward food.
Natali et a [77] used the same scenario to induce positive mood,
showing that supportive VHs can reduce anxiety and improve
mood in patients with anorexia. Regarding phobias, Freeman
et a [62] conducted aclinical trial for treating fear of heights.
A VR coach called Nic guided participantsthrough the different
stages of the experience, leading to a significant reduction in
their fear. Similarly, Miloff et a [68] used a holographic coach
for spider phobia, where positive relationships predicted better
outcomes. Falconer et a [11] promoted self-compassion in
depression through role-swapping between a compassionate
adult and avirtual child. Amaral et al [6] conducted aclinical
trial using VHs for social and cognitive training in individuals
with autism. A further study [75] applied VR to treat addiction
to cannabis. Participants interacted with a VH representing a
key figure in their cannabis consumption, such as a friend, a
drug dedler, or thosetriggering their cravings, showing potential
to reduce usage.

Among theremaining 13 validation studiesinvolving nonclinical
populations, 6 focused on social anxiety. Kwon et a [54]
compared the effects of displaying VHs on a desktop monitor
versus an immersive VR system, finding that immersive VR
elicited stronger anxiety. This was further supported by a VR
self-compassion induction [59] and ajoint attention study [67],
both of which concluded that VR had a greater capacity to
induce anxiety compared to nonimmersive setups. Powers et al
[55] examined participants’ fear levels during VR and real-life
interactions, noting that VR interactions triggered fear and
anxiety similar to real-life situations. Banakou et a [80]
suggested that single-session VR exposure could match
multisession efficacy for public speaking anxiety. Moreover,
Quintana et a [65] investigated the effects of smells on the
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perceptions of VHs. They discovered that exposure to
fear-related odorantsincreased anxiety and reduced trust toward
the virtual character. Other applications included improving
depression viacompassion practice[12], testing acustomizable
V H-based auditory hallucination therapy tool with hospital staff
[72], and simulating al cohol refusal scenarioswith VHsin VR
FestLab[73]. Similar refusal training targeted gaming addiction
[63] and nicotine addiction [51]. Finaly, VR was used to
promote well-being and self-confidence in youth by fostering
strength awareness [ 70] and reducing self-criticism [ 78] through
structured conversations with virtual characters.

Virtual Crowds

Sixteen studies used virtual crowds. Six of them were related
to anxiety. In 1 of the earliest studies, Slater et a [3] compared
public speaking to an attentive versus a disruptive virtual
audience, finding that crowds could evoke anxiety comparable
to real life, with better performance when the audience was
attentive. Similar findings were reported by Takac et al [87],
who suggested that the distress created in a virtua public
speaking scenario could have lingering effects after the VR
session. Virtual crowds were also used to populate a virtual
office, finding that watching other VHs working was effective
in triggering work-rel ated stress[49] or creating peer effectsto
make people work more efficiently [14]. Brinkman et al [48]
explored the effect of the size and ethnicity of virtual crowds
inabar scene, showing that VR exposureto an increased density
and proportion of VHs with other ethnicities could induce
stronger distress. Additionally, Shiban et a [84] incorporated
air blasts and the sound of afemale character screaming when
participants approached avirtual crowd to study how individuals
develop social fears and how these fears can be diminished or
overcome through repeated exposure.

Six studies used avirtua crowd for research on psychosis. Early
tests examined peopl€’'s appraisals of neutral characters in a
library scene, demonstrating that virtual crowds elicited
persecutory thoughts for insightsinto psychosis [81,82]. Later
research employed daily VR scenarios populated with VHSs,
such asin an underground train or school canteen, to understand
factors associated with paranoid thinking. The findings
suggested that paranoia could be predicted by anxiety, worry,
perceptual anomalies, and cognitive inflexibility [15], and was
influenced by individuals' self-confidence[86]. For adolescents,
interpersonal threat or hostility heightened state paranocia[89].
Further, Wei et a [88,111] found that VH facial design
influenced both paranoia and visual attention.

Mountford et a [85] used a virtual crowd in avirtual bus ride
to study eating disorders. Participants were tested for their body
image satisfaction, and the results showed that exposure to the
virtual scenario with VHs did not necessarily change peopl€e’s
current feelings or perceptions about their body image. Cho et
al [83] designed a VR bar to study alcohol cravings and found
that the introduction of drinking characters led to a stronger
drinking desire compared to simply displaying the alcohol in
the scene. Similarly, Rovira et al [90] found that VR exposure
to smoking-cue VHs €licited stronger cigarette cravings than
neutral environmentswithout VHs. Rizzo et al [39] used virtual

JMIR XR Spatial Comput 2025 | vol. 2 | €75087 | p.37
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

soldiersand civiliansfor military training and found areduction
in PTSD severity in 80% of the study completers.

Virtual Bodies

VHs were used as body representations in 20 studies, with 15
focusing on eating disorders. Rivaand Melis[1] conducted the
first study in the literature on body image representation using
VR. Participants selected virtual figures representing their
current and ideal body size. Perpifia et a [91] introduced a
feature allowing patientswith eating disordersto adjust the size
of avirtual body to reflect their body image. Both showed VR's
feasibility for assessing body image disturbances, with results
comparable to paper-based measures but showing greater
engagement [18]. Whilethese early studies did not induce body
ownership, later studies often aimed to do so.

Studies employing the body ownershipillusion paradigm found
that embodying alarger virtual figure led participants to check
their virtual body more frequently [94,95] and experience a
higher degree of self-dissatisfaction and anxiety
[40,96,98,101,108]. In contrast, Schroeder et al [110] found
that body dissatisfaction was not necessarily affected by the
weight of the avatar, although people with higher body
dissatisfaction exhibited more body-checking behaviors in
weight-related areas.

Ferrer-Garcia et a [93] created a paradigm to reduce anxiety
related to body image in femal e students by making them return
tothe normal-sizevirtual figure after experiencing alarger body.
A similar method was used to alleviate body image distortion
in both healthy-wei ght participants and those with obesity [99].
Wolf et a [103] compared the body weight perceptions of 2
groups of females: one that embodied a VH and another that
observed the VH as another person's avatar. The
self-embodiment group underestimated the body weight of the
VH compared to those who rated the VH as another’s avatar.
Furthermore, Ascione et a [109] conducted a body-related
attention bias modification task to reduce excessive visua focus
on theweight-related areas of aself-represented VR body, which
significantly decreased body dissatisfaction.

Three other studies used virtual bodies for psychosis research.
Spanlang et al [100] examined whether self-fragmentation in
VR, where participants embodied aVVH while retaining physical
presence in the real world, impacted the biological responses
in patients with schizophrenia. Yamamoto and Nakao [105]
found that perceiving a fake body as one’'s own reduced body
ownership in depersonalization. Gorisse et d [102] used avirtua
body double resembling each participant for a social VR task.
They concluded that observing a body double engagingin VR
socia interactions could reduce persecutory thoughts during
the task.

Additionally, van Gelder et a [104] demonstrated that
alternating convicted offenders between their current and aged
future selves reduced self-defeating behaviors. Similarly,
embodying an older body could increase social motivation
among young adults[107]. Besides, Burin et al [106] presented
participants with a moving character from first-person and
third-person perspectives. They concluded that a body illusion
from thefirst-person perspective created stronger physiological
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activation to help people practice stress coping.
Aymerich-Franch et al [92] assessed the impact of the facia
similarity of a VH on participants, finding that embodying a
figure with a dissimilar face reduced anxiety during VR
presentations.

VAs and Avatars

Out of the 79 studies, 74 involved the use of VAs. Nine of them
adopted a semiautonomous agent design, where facilitators
manually triggered an audio effect [3,61], adjusted VH voices
[75], or played prerecorded animations [4,55] to customize
characters' behaviorsin red time.

Regarding the interaction types of VAs, approximately half
(39/74, 53%) engaged in explicit interactions with participants,
primarily serving as active interaction partners. In 10 studies,
VAs exhibited implicit interactions (eg, occasionally looking
at participants and then looking away). Passive interactions
were observed in 26 studies where VHs were used as virtual
crowds and virtual bodies.

In the reviewed studies, the term “avatar” was often used to
describe any type of VH, even when they did not represent the
participant’ssalf. Only 5 studies used VVHs as participant avatars.
For example, Aymerich-Franch et al [92] used an avatar with
varying levels of visual similarity to the participant’s face to
study the self-embodiment experience. Additionally, 12 studies
combined the use of agents and avatars to create perspective
changes through body-swapping experiences in social
interactions [11,13,104] or to explore the effects of vicarious
agency (the perception of control over the VH) [102].
Kothgassner et a [45,64] further examined the effect of
perceived agency by comparing participants' VR experiences
with VAs and avatars. The results indicated that avatars could
licit stronger emotional responses compared to VAs.

Human Characteristics

Of the 79 studies reviewed, 44 examined the effects of
manipulating specific characteristics of VHs. These
manipulations aimed to assess how physical and behavioral
attributes of VHs influence participants perceptions and
behavioral responses. The manipulated features included their
visual appearance [48,52,99] (eg, gender, ethnicity, and body
size), interaction behavior [7,76,87] (eg, interpersonal distance,
eye gaze behavior patterns, and responsiveness toward
participants), perceived agency [45,64] (VA or avatar), and
emotions [52,75] (eg, emotional facial expressions) or
personality [58]. While most of the traits were nonverbal
behaviors, 4 studies explored the effects of verba behaviors,
including dial og content [13], conversation attitude (eg, positive
vsneutral dialog) [56,57], and the voice of VHS[75]. The most
frequently studied trait was body size (n=13), whiletraits, such
as sense of affirmation [37] and personality [58], received
limited investigation.

In addition to individual traits, 2 studies examined the effects
of crowd size and density as independent variables in virtual
crowd settings [48,87]. These studies explored how variations
in the number and arrangement of virtual characters influence
participants sense of presence and anxiety in crowded
environments.
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Discussion

Summary of Findings

This paper reviewed VR studiesthat included VHsin scenarios
to understand and treat mental health difficulties. We examined
79 studies and categorized them based on the primary role of
the VHs: active social interaction partners, virtual crowds, and
virtual bodies. We focused on the use of agency, types of
interactions, and characteristics of the VHs. VHs have served
diverse purposes and demonstrated the ability to create
psychological, behavioral, and physiologica influences.
However, few studies have provided comprehensive descriptions
of VHS' visual appearance or behavioral capabilities. Without
such details, it becomes challenging to assesstheir actual impact,
and replicability is reduced. The potential of each VH role
requires further exploration to address these gaps and the
associated challenges.

Active Social Interaction Partners

Active socia interaction partners interact explicitly with
participants. A persistent challenge in this context has been
enhancing the realism and responsiveness of these interactions,
particularly during close-up engagements [19,112,113].
Improving both visua fidelity and behavioral plausibility is
essential for achieving lifelike interactions [30,114,115].
Consistent design of both visual and behavioral elements is
needed to avoid the uncanny valley, where characters appear
almost human but evoke discomfort due to subtleimperfections,
as also seen in VR interactions [116,117]. Additionally, it is
important to consider VH behavioral plausibility and consistency
across multiple behavioral channels, including both verbal and
nonverbal communication (eg, body movement, facial
expressions, voice, and dialog content). For example, Choudhary
et al [118] demonstrated that mismatches between facial
expressions and vocal tone (eg, a happy face with an unhappy
voice) negatively impacted participants immersion and
engagement, highlighting the importance of aligning these
communication modes.

Regarding responsiveness and interactivity, current feedback
inmental health VR often relieson prerecorded actionstriggered
by participant inputs, such as user interface selection, position,
or response time[49,60,65]. Future applications could integrate
machine learning algorithms, such as reinforcement learning,
to create autonomous VHSs that learn from experience [119].
These VHs could adjust parameters, such as the interpersonal
distance, to maximize attention and keep participants engaged.
Algorithms could detect interaction dynamics (eg, participant
attitudes and responsiveness) and adjust VH behaviors in
real-time to achieve specific therapeutic goals, particularly in
applications encouraging positive behaviors. Another area to
explore is the real-time monitoring of physiological responses
to create adaptive interactions based on participants' affective
state. A few of the studies reviewed used biometric data (eg,
sdlivary a pha-amylase, heart rate, and galvanic skin) to evaluate
physiological responses[52,100,106], but noneleveraged these
data to enhance interaction fidelity. Real-time estimates of
emotional arousal and valence could enable VHs to respond
meaningfully to participants emotional changes[120].
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A virtual coach represents a specific type of active socia
interaction partner, designed to guide and motivate userstoward
positive behavioral changes while facilitating the automation
of therapy delivery. Focus group feedback indicated that users
valued the convenience, accessibility, and anonymity provided
by avirtual coach, but they also expressed concerns about the
coach feeling unrelatable and difficult to engage with [121].
The development of aV R coach should incorporate knowledge
and feedback from domain experts and targeted user groupsto
ensureit istailored to the specific age range and mental health
conditions it aims to address [122,123]. Generally, increasing
the engagement and friendliness of communication from virtual
coachesislikely toimprovetheir effectiveness and the outcomes
of VR therapy [68].

Virtual Crowds

Invirtual crowd studies, it is standard practice to use identical
designs and behaviors for characters that share common
objectives to achieve a balance between redism and
computational efficiency [124,125]. However, visua and
behavioral repetition patterns in a group of VHs are very
noticeable and decrease fidelity. Introducing variations in
appearance and movement isimportant to diversify crowdsand
avoid these patterns[126,127]. Visual diversity can be achieved,
for example, by randomizing height, body shape, hair color,
and clothing. Behavioral diversity can be enhanced by blending
animations, using motion capture datafrom multipleindividuals,
and implementing procedural animations with a certain degree
of randomization to generate varied movements in real-time
based on environmental and interaction dynamics.

There are additional considerations. When virtua crowds have
autonomy to move around a space, each one should navigate
naturally, avoiding collisions with static and dynamic obstacles.
For example, Trivedi and Mousas [128] implemented a crowd
behavior system for a VR street scene, where each VA had
navigation scripts with steering and pathfinding capabilities to
avoid collisions. Each agent also had a customizable target
location, walking speed, and animation (eg, head direction and
gaze pattern). Other advanced virtual crowd control systems
generate real-time behaviors driven by user input and the
dynamicsof other virtual entitieswithin the crowd [129]. These
designs could be applied in mental health applications to
improve crowd interactions and better understand responses to
busy environments.

Virtual Bodies

Studies involving virtual bodies predominantly helped
individuals reassess their body image biases or gain new
perspectives, provided by the body ownership illusion. These
use cases require improved methods to enable the sense of
embodiment. Existing methods like visual-motor synchrony
[97] and visual-tactile synchrony [96,99] are designed to align
visual feedback with participants movements or tactile
sensationsto enhance theillusion of ownership over the virtual
body. While effective in initiating this illusion, sustaining or
manipulating it throughout the VR experience remains
challenging. Mismatched sensory feedback or dlight
discrepancies in motion can disrupt the sense of embodiment
[130,131]. Integrating other sensory modalities, such asauditory
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feedback (eg, footsteps and voice modulation) or olfactory
feedback (eg, simulating a scent experience based on the
participant’s location), could enhance the body ownership
illusion. Combined multisensory feedback has been shown to
strengthen and prolong the influence on embodiment, affect,
and behaviors[132,133].

Customizing virtual bodiesto closely resemble participants can
enhance the sense of embodiment. Aymerich-Franch et al [92]
found that embodying a virtual body with a similar face
increased self-association and anxiety during public speaking
tasks compared to dissimilar faces. This provides evidence for
the importance of avatar personalization and its potential to
modul ate emotional responses. Customization should consider
not only physical appearance but also factors like ethnic
background [134] and voice [135]. These factors can
significantly contribute to the body ownership illusion.

Ethical Consider ations and Recommendations

The integration of VHs in mental health VR raises potential
ethical and methodological chalenges. A key concern is the
lack of standardization in the technical implementation of
character creation and animation. Many implementations rely
on proprietary or nonstandardized software, which complicates
replication and cross-study comparison. When such tools
become inaccessible or difficult to adopt, scaling the
experiments or building cumulative evidence becomes
challenging. Moving toward open-source platforms or
developing shared technica standards would enhance
reproducibility and research efficiency. Encouragingly, the
computer science community has started to introduce
open-source 3D character libraries[26-28], some of which have
already been used in mental health research [11,13]. This
provides early examples of community-driven resources that
could serve as afoundation for broader standardization.

Equally important is the transparency of reporting with regard
to VHs. Many current studies provide limited descriptions of
VH characteristics, and some even omit a general description
of VR scenes. Such omissions reduce study transparency and
limit replicability for continuous research. General ethical
guidelines from the UK National Institute for Health and Care
Excellence (NICE) [136] emphasize clear reporting of system
design and capabilities for therapeutic applications. The
CONSORT-EHEALTH extension recommends that digital
health interventions specify intervention components, delivery
modes, tailoring, and technical features[137]. More specifically,
RATE-XR (reporting for the early-phase clinical evaluation of
applications using extended reality) provides a reporting
framework for early-phase clinical extended reality applications,
with achecklist covering application characteristics, hardware,
software, and development details [138]. For more tailored
standards, VH-specific reporting practices, ideally supported
by visual and technical documentation (eg, screenshots, videos,
and model specifications), are needed to improve reproduci bility
and comparability across disciplines.

Moreover, data privacy and participant safeguards also require
careful consideration. VH-mediated applications can sometimes
collect sensitive physiological, behavioral, and conversational
data[13,48,139], raising risks related to identity inference and
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emotional profiling, where user behavior data can sometimes
be used to infer sensitive personal traits [140]. In addition,
embodiment-based interactions can sometimes provoke
unintended psychological effects, such as distress or
overidentification with the VH [141,142]. To mitigate these
risks, researchers should implement robust informed consent
procedures and ensure secure data handling. Safeguards, such
as participant prescreening, clinician oversight, built-in safety
controls (eg, pause or exit functions in VR software), and
structured debriefing protocols, are essential to protect
participants.

Limitations

This systematic review has several limitations. First, our search
strategy may not have captured all relevant VR mental health
studies involving VHs. We used 5 databases and conducted
searches limited to titles and abstracts with fixed keyword
combinations, excluding studies that did not simultaneously
mention VR, VHs, and mental health. To maintain a consistent
search strategy across platforms, we did not use controlled
vocabulary, such as Medical Subject Headings (MeSH) in
PubMed, which may have further reduced recall. To mitigate
this, we conducted citation chaining and identified 6 additional
eligible studies not captured in the original search. However,
the omission may have still remained, and it may have narrowed
the evidence base. Future updates should refine the search
strategy by incorporating broader synonyms and controlled
vocabulary, and including gray literature sources.

Second, there are limitationsin our categorization of VH roles
and characteristics. Existing taxonomies used to classify virtual
characters and their behaviors[30,143] are at |east adecade old
and do not specifically focus on VR studies in mental health.
We devel oped our own classification based on the usage of VHs
in the reviewed studies. This framework is tailored to mental
health research, and it may require adaptation for application
in other research areas. Ongoing effortsto develop and validate
updated, domain-genera taxonomieswould improve consistency
and comparability across studies.

Third, most included studies were pilot, feasibility, or
exploratory in nature, often with small samplesizesand limited
follow-up. Whileweincluded only empirical studieswith more
than one participant to enhance rigor, the predominance of
early-stage designs may have constrained overall study quality
and generalizability. Future research could prioritize more robust
designs, such as randomized controlled trials or longitudinal
studieswith quality assessments, to generate stronger and more
interpretable evidence.

Fourth, regarding result analysis, we opted for anarrative review
approach instead of a quantitative evaluation to measure the
quality and effectiveness of VHs across studies. This choice
was made due to the variability in study objectives (ranging
from validation and assessment to clinical treatments) and the
diversity in participant characteristics. In addition, many studies
lacked sufficient descriptions of VH attributes and consistent
reporting on VR systems and software, which constrained
systematic comparison and aggregation. Asthefield progresses
and reporting becomes more standardized, meta-analyses and
formal quality appraisals will become feasible.
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Conclusions

VHs can be used in many different ways withinimmersive VR
mental health research and have served primarily as active
interaction partners, virtual crowds, and virtual bodies. Across
the 79 studies reviewed, most VHs were computer-controlled
agents, with perceived agency shaping emotional and behavioral
responses. Research to date has predominantly examined body
size and gender, with limited attention to emotional expression
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or persondlity traits. Many studies provided insufficient technical
and visua details on VH design, limiting reproducibility and
cross-study comparison. Addressing these gaps is crucial for
advancing the evidence base and understanding how specific
VH characteristicsinfluence mental health outcomesin VR. To
our knowledge, this review provides the first synthesis of the
useof VHsin VR mental health, offering apotential foundation
for future VR programming of VHs and future studies on their
implementation.
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Abstract

Background: Dementiaisa progressive neurological disorder affecting cognitive and social functioning, posing challenges for
patientsand caregivers. Traditional medications often have adverse effects, emphasizing the need for nonpharmacol ogical options
such as reminiscence therapy (RT). Virtual reality (VR) has emerged as a promising tool in dementia care, providing immersive
experiences that stimulate memory, enhance emotional well-being, and reduce the behavioral and psychological symptoms of
dementia.

Objective: This scoping review assesses the feasibility and implementation challenges of delivering RT via VR in dementia
care. Specifically, it examines the types of VR systems used, their therapeutic benefits, and the barriers to their adoption.

Methods: We screened 5 electronic libraries: Google Scholar, ACM Digital Library, IEEE Xplore, MEDLINE, and PubMed.
Studies published between 2000 and 2025 were included if they examined the use of VR for RT in people with dementia. Data
were charted based on PRISMA-ScR (Preferred Reporting Items for Systematic Reviews and Meta-Analyses Extension for
Scoping Reviews) guidelines and analyzed thematically for feasibility, VR system type, therapeutic effects, and implementation
considerations.

Results: A total of 15 studies met the inclusion criteria. The findings indicate that VR is feasible and well-accepted among
people with dementia, fostering high engagement with minimal adverse effects. Fully immersive VR systems, which use
head-mounted displays, are the most frequently used, while semi-immersive alternatives with large screens provide a more
cost-effective option. RT via VR has been shown to improve reminiscence, enhance mood, and encourage social interaction.
However, itsimpact on cognitive function remainsinconclusive. Significant barriersto implementation include high costs, limited
availability of VR infrastructure in care, and the need for specialized caregiver training.

Conclusions: RT via VR presents a promising advancement in dementia care. Future research should focus on developing
cost-effective, scalable VR solutions, designing personalized VR experiencestail ored to individual needs, and creating structured
training programsfor caregivers. Longitudinal studiesare necessary to determine the long-term therapeutic effects of VR compared
to traditional RT.

(IMIR XR Spatial Comput 2025;2:e73539) doi:10.2196/73539

KEYWORDS
dementia; virtual reality; reminiscence therapy; nonpharmacological interventions; cognitive stimulation; emotional stimulation

Worldwide, dementia affects a rapidly growing population.
Only in 2021, the World Health Organization estimated that
over 55 million people were living with dementia, a number
expected to riseto 82 million by 2030 and 139 million by 2050
[1]. Itiscurrently the seventh leading cause of death worldwide

Introduction

Background
Dementiaisaprogressive neurological disorder and an umbrella

term for conditions that lead to the deterioration of cognitive
and socia functioning. It impacts various mental faculties,
including memory, problem-solving, orientation,
comprehension, calculation, learning capacity, language, and
judgment [1]. People with dementia often experience behavioral
and psychological symptoms of dementia (BPSD), including
mood disturbances, aggression, irritability, apathy, and
emotional dysregulation, which further reduce their quality of
life and place significant burdens on caregivers[2,3].

https://xr.jmir.org/2025/1/€73539

and a magjor cause of disability and dependency among older
adults [1]. Thisrising prevalence underscores the urgent need
for interventions, as dementia imposes significant physical,
psychological, social, and economic burdens[2].

While no cure exists, treatments aim to alleviate symptoms and
improve the quality of life for people with dementia
Pharmacological treatments, such as neuroleptic or sedating
medications, have historically been overused despite their
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association with adverse effects, including accel erated cognitive
decline, cardiovascular issues, infections, and emotional distress
[4,5]. Consequently, nonpharmacological interventions have
gained prominence as preferred approaches for addressing
dementia symptoms. Among these, reminiscence therapy (RT)
has emerged as a particularly effective psychosocial
intervention. RT involves structured recall and discussion of
past experiences using prompts such as photographs, music,
personal objects, and storytelling [6]. Evidence suggests that
RT can improve mood, reduce agitation, and enhance social
interaction in people with dementia[6,7].

The application of RT varies significantly across studies, with
interventions delivered in both personalized and nonpersonalized
formats. Some studies combined both approaches [8], while
others focused exclusively on either personalized RT [9,10] or
nonpersonalized RT [6,11]. RT methods, such as group
storytelling, memory books, multisensory activities, and music
therapy, have been widely used [9,12]. Meanwhile, digital RT,
which integrates digital apps, video games, and web-based
platforms, has introduced novel ways of engaging people with
dementia [8,10,11]. Such digital interventions have shown
promisein increasing engagement and reducing social isolation
[12]. However, challenges such as cost, feasibility, and
inconsistent therapeutic outcomes remain [6].

Emerging Role of Virtual Reality in RT

Recent technological advancements, particularly virtual reality
(VR), have expanded the possibilities for nonpharmacol ogical
dementia care [13,14]. VR creates immersive,
computer-generated environments that simulate real-world
experiences, engaging users senses through visual, auditory,
tactile, and even olfactory stimuli [15]. These environments
enable people with dementia to transcend physical limitations
and explore familiar or caming settings, such as natural
landscapes or culturally significant landmarks [14,16,17]. By
simulating personalized environments, VR interventions have
demonstrated the potential to reduce anxiety, depression,
aggression, and social withdrawal while promoting cognitive
engagement and emotional well-being [13,14,18-20].

Studies show that personalized VR experiences, tailored to an
individual's preferences and abilities, have been linked to
improved cognitive functions, such asmemory recall and spatial
navigation, as well as reductions in agitation and emotional
dysregulation [21]. Moreover, VR-based interventions offer
scalable, customizable solutions that can be adapted to the
diverse needs of people with dementia while minimizing
mobility challenges[14,18,22-25].

Despite these promising findings, questions remain regarding
the feasibility and the limitations of integrating VR into RT for
dementia care. While several systematic and scoping reviews
have examined the use of virtua reality reminiscence therapy
(VRRT) for older adults or people with cognitive impairments
[26,27], none, to the best of our knowledge, have focused
exclusively on peoplewith dementia. Moreover, existing reviews
often conflate diverse populations, such as cognitively healthy
older adults, those with mild cognitive impairment, and
individualswith dementia, limiting the specificity and relevance
of their conclusions to people with dementia. Further on the

https://xr.jmir.org/2025/1/€73539
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above, these prior works also tend to overlook important
dimensions such as the comparative use of semi-immersive
virtua redlity (SI-VR) versus fully immersive virtual reality
(FI-VR) systems, the role of content personalization, and
implementation barriers in real-world care. This review
addresses these critical gaps by focusing solely on people with
dementiaand providing acomprehensive synthesis of empirical
and experimental studies that evaluate both the therapeutic
impact and practica challenges of VR-based RT. As VR
technology continues to evolve, further research is needed to
determine its optimal application, long-term effects, and best
practices for integration in dementia care. This study examines
the implementation of VR in RT for people with dementia
residing in long-term care facilities, hospital environments, or
community settings over the past 2 and a half decades
(2000 - 2025). By synthesizing findings from empirical and
experimental research, the review addresses critical research
questions (RQs), including the following:

+ RQL How feasibleisintegrating VR into RT for dementia
care?

« RQ2. What are the outcomes of VRRT?

« RQ3. What limitations currently hinder the application of
VRInRT?

« RQ4. What are the potential future directions for research
and implementation of VR in RT?

Methods

Literature Review Strategy

The electronic databases Google Scholar, ACM Digital Library,
| EEE Xplore, MEDLINE, and PubMed were searched in January
2025 using a combination of search terms designed to capture
studieson theuse of VR in RT for people with dementia. Three
core concept clusterswere applied: term A included “ dementia,”

and term B included “ reminiscence” OR “reminiscence therapy,”

and term C included “virtual reality.” A filter was applied to
include only studiesthat were published between 2000 to 2025.
The reference lists of articles that met the eligibility criteria
were further perused to identify additional studiesthat may fall

within the scope of thisreview.

Inclusion and Exclusion Criteria

Studies eligible to be included in this review had to meet the
following inclusion criteriaz (1) human participants were
involved, (2) the full article was written in English, and (3)
papers studied VR used for RT in dementia. The exclusion
criteria were (1) publications where the study of VR used for
RT in dementia was not the primary aim of the study, (2)
publications that were not origina studies (ie, review articles,
letters, medical hypotheses, etc), (3) publicationsthat presented
trials studying subjects with no dementia, (4) duplicate
publications, (5) publications whose abstract was not accessible,
and (6) publications whose full text could not be obtained.

Data Collection Process

Following the identification of eligible publications, all relevant
datawere collected using astructured coding schemein an Excel
(Microsoft Corp) file. The data collected included titles, sample
size, type of dementia, instruments used, methodology, and
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findings. Additional fields specific to studies involving VR
included thetype of VR system (nonimmersive, semi-immersive,
or fully immersive), VR content or intervention, feasibility,
limitations, and future directions.

Data Synthesisand Analysis

This study used aggregated data where possible, per the
PRISMA-ScR (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses Extension for Scoping Reviews)
guidelines (Checklist 1: PRISMA-ScR). Key domains extracted
included feasibility, therapeutic outcomes (emotional, cognitive,

Matsangidou

and socia), and implementation barriers, alowing for
cross-study comparison and pattern identification.

Results

Search Results

This search strategy yielded the identification of 136 articles.
Following the eigibility assessment, 121 articleswere excluded.
In total, 15 papers satisfied the inclusion criteriaand were used
for thisreview (Table 1). Figure 1illustratesthe study selection
process.

Figure 1. Flowchart detailing the process used to identify and select the papersincluded in the analysis.
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Table. Sample characteristics, dementia types, and severity levels.
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Study Sample Typeof dementia  Level of dementia  Experimental de-  RT2jntervention
sign
Appel etal, 2020  8femaes2maes, ApP ppc ypd ~ Mildto severe Mixed methodsde- A single up to 20-
[16] mean age: 86.5 and VD® sign, and combined  mipute FI-VR' RT
years quantitative and session, focusing
qualitative data on managing
BPSDY
Appel eta, 2024 45 femaes/24 N/AD Mild to severe Mixed methodsde- 1 - 3FI-VR ses-
[28] males, age: 65+ sign, randomized  sionslasting up to
years controlled trial, and 20 minutes each,
combined quantita- focusing on manag-
tive and qualitative ing BPSD
data
Brimelow et a, 9femaes/4 males, N/A Mildto moderate  Mixed methodsde- A single up to 5-
2020[29] mean age: 66 - 93 sign; combined minute FI-VR RT
years quantitative obser-  individual or group
vation and qualita-  session, focusing
tiveinterviewspost on apathy and
asingleVR sess  Mood
sion
Coelhoeta, 2020 6femaes/3males, N/A N/A Mixed methodsde- A total of 4 ses-
[30] mean age: 85.6 sign, and combined sionslasting up to
years quantitative and 15 minutes each of
gualitativepre-and personaized FI-VR
postdata tailored to partici-
pants' psychologi-
cal needs
Ferguson et a, 22females'3maes, AD,MD,andVD N/A Mixed methodsde- A single up to 30-
2020 [31] mean age: 85 years sign, and combined minute FI-VR RT
quantitative and session, focusing
qualitative data on thefeasibility of
the system
Huang and Yang, 1lfemaes9males, N/A Mild to moderate  Longitudinal obser- A 10 to 12-minute
2022 [32] mean age: 79 years vational study de- FI-VR RT session
sign, and quantita-  held twice aweek
tive data for 3months, target-
ing cognitive func-
tion, global status,
and depression
Kim et al, 2021 10 females, mean  N/A Mild Mixed methodsde- 1 - 2 sessions last-
[33] age: 85.80 years sign, and combined ing 20 - 30 minutes
guantitative and each of personal-
qualitative data, in- ized FI-VR tailored
cluding asurvey to to participants
gather information  psychological
about the psycho-  needs
logical needs of
each patient, to
customize the sys-
tem
Kleineta, 2018  3femaes3males, N/A N/A Qualitative meth- A single 12 - 20
[34] mean age: 74.67 ods design, and minute FI-VR RT
years combined observa-  session, focusing
tional dataand on efficacy and ac-
multiple focus ceptance of the sys-
groups beforethe  tem

experiment to gath-
er information
about the needs of
peoplewith demen-
tia, to design the
system
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Study Sample Typeof dementia  Level of dementia  Experimental d&=  rT2intervention
sign
9 Maneraet a, 2016 12 females/17 AD and MD N/A Within-subject de- A single 10-minute
[35] males, mean age: sign, and combined  gj.\/RI and con-
76.3 years quantitative and trolled session, fo-
task performance  cuging on security,
data comfort, apathy,
and anxiety
10 Moyleetal, 2018 7 femaes3 maes, AD N/A Mixed methodsde- A single up to 15-
[36] mean age: 89 years sign, and combined minute FI-VR RT
guantitative and session, focusing
qualitative data on engagement, ap-
athy, and mood
states
11 Ngetal, 2023 [17] 26 females/11l N/A Mild Nonrandomized A singleup to 12-
males, mean age: controlled trial minute FI-VR RT
65+ years methodsdesignand  session, focusing
quantitative data on systems evalua-
tion
12 Rose et al, 2021 2 females/6 males, AD, FD,HD,and Mildto severe Mixed methodsde- 2 FI-VR RT ses-
[37] mean age: 69.63 MD sign, and quantita-  sions, lasting up to
years tive observations 15 minutes each,
and qualitativepre- whichfocuson nat-
and postdata ural environments,
aiming to reduce
BPSD
13 Saredakis et al, 10females/7 males, N/A Mild to moderate Mixed methodsde- A single up to 20-
2020 [38] mean age: 87.3 sign and quantita- minute FI-VR RT
years tive data session, focusing
on apathy
14 Saredakis et al, 28 females/15 N/A N/A Nonrandomized A total of 3FI-VR
2021 [39] males, mean age: controlled trial RT sessions, lasting
84.8 years methods design, up to 20 minutes
and combined each, focusing on
guantitative and apathy, cognition,
objective data depression, and
quality of life
15 Tabbaaet a, 2019 2femaes/6 maes, AD,MD,andVD Mildto severe Mixed methodsde- A total of 2 FI-VR
[40Q] mean age: 69.63 sign,andcombined RT sessions, lasting
years guantitative obser-  up to 15 minutes
vationsand qualita-  each, focusing on
tivepre- andpostda-  the technical as-
ta. A focusgroup  pectsof the system,

was conducted be-
fore the experiment
to gather informa-
tion about the
needs of people
with dementia, to
design the system

aswell asitsfeasi-
bility, acceptability,
and practicality

3RT: reminiscence therapy.

PAD: Alzheimer disease.

°FD: frontotemporal dementia.

9MD: mixed dementia

&D: vascular dementia.

AI-VR: fully immersive virtual reality.
9BPSD: behavioral and psychological symptoms of dementia.

AN/A: not available.
'"WR: virtual reality.

IS1-VR: semi-immersive virtual redlity.
KHD: Huntington disease.
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Study Char acteristics

The present review analyzes 15 studies, and the participant
demographics include both male and femae people with
dementia, with mean ages ranging from 65 to 89 years. Several
studiesfocus on specific types of dementia, including Alzheimer
disease, vascular dementia, frontotemporal dementia, and mixed
dementia, whereas others do not specify the type of dementia
examined. The studiesreflect arange of dementiaseverity from
mild to severe, though the majority emphasize mild to moderate
cases [17,27,38]. A summary of the demographics of the
reviewed studies is presented in Table 1.

Typesof VR Systems, Levelsof Immersion, and Virtual
Environments Used in Dementia RT

The reviewed studies implemented 2 levels of VR immersion,
as detailed in Table 2, with FI-VR being the most commonly
used method, present in 12 of 16 studies. FI-VR necessitated
the use of head-mounted displays (HMDs), such as Samsung
Gear VR, Oculus Rift, HTC VIVE, Oculus Quest, Oculus Go,
and Windows Mixed Reality headsets, to provide 360-degree
panoramic views and interactive experiences [27,33,39]. For
instance, one study used the Samsung HM D Odyssey Windows
Mixed Reality with Leap Motion sensors (LM-010), alowing
peoplewith dementiato interact with the VR environment using
hand gestures, including controlling seasonal transitions and
engaging with animated objects [33]. Similarly, 2 other studies
used the HTC VIVE Pro to simulate a familiar home
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environment, incorporating daily life objects and home
appliances[17,32]. Several studiesused Samsung Gear VR with
a smartphone, allowing people with dementia to immerse
themselves in calming virtual environments, including
underwater scenes, travel destinations, and snowy landscapes
[27,37,40].

In 2 reviewed studies, the content was mirrored on an externa
flat screen, alowing caregiver participation in providing
reassurance and guidance during VR sessions [37,40].
Additionally, 1 study created their custom HMD featuring
180-degree projection to simulate time travel through various
historical periods, including Berlin and Parisin the 20th century
[34].

SI-VR was used in 3 studies where people with dementia
experienced virtual environments on large projection screens
rather than HMDs [35,36]. This approach alowed for limited
interaction through a mouse, touchscreen, or sensor-based
technology, while still providing an engaging experience. For
example, 1 study used stereoscopic 3D screens paired with
Volfoni Edge 1.2 active 3D LCD shutter glasses to deliver an
SI-VR experience[35]. Lastly, 2 additiona studiesincorporated
SI-VR, projecting the virtual forest onto alarge display screen,
with sensor-based interactionsthat allowed peoplewith dementia
to explore the river, trees, and surrounding environment [36]
as well as familiar and unfamiliar environments [30,33].
Nonimmersive VR was not featured in any of the studies
examined.

JMIR XR Spatial Comput 2025 | val. 2 | €73539 | p.54
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (IMXR) Matsangidou
Table. Apparatus and virtual environments.
Study Type of VR? Virtual environment Equipment
1 Appel et a, 2020 [16] FI-VR? Rocky lakeshore, forests, Samsung Gear VR and
floating icebergs, and Sennheiser HD® 221 head-
beaches phones
2 Appel et a, 2024 [28] FI-VR Calming indistinctiveways Oculus Go with built-in and
and nature visualization external Sennheiser HD 221
headphones
3 Brimelow et al, 2020[29] FI-VR Underwater themes, beach- Samsung Galaxy S7 and
es, farmyard animals, travel Samsung Gear VR headset
destinations, and snows-
capes
4 Coelho et al, 2020 [30] FI-VR Forests, beaches, cathedrals, Samsung Gear VR and
childhood homes, work- Oculus Rift VR
places, and religious venues
5 Ferguson et al, 2020 [31] FI-VR Beach scene Mirage Solo with Daydream
Business Edition
6 Huang and Yang, 2022 [32] FI-VR 1960 - 1980 Taiwan: histor- VIVE Pro
ical residence, radio, photo
album, and feeding chickens
7 Kim et al, 2021 [33] FI-VR Streets of Memory, Nostal-  Leap Motion sensors and
gic Youth, Homely Home-  Samsung Odyssey Windows
town, and Where | Wantto  Mixed Reality Headset
Go
8 Kleineta, 2018 [34] Between SI-VRYand FI-vR Timetravel: Berlin (1970 - cystom-built HMD® (180-
1949), movie stars (1950s- degree projection)
1960s), television shows,
and Parisin the 20th century
9 Maneraet al, 2016 [35] SI-VR People Barco OverView OLSF-721'
full HD 3D stereoscopic
LED video wall, Volfoni
Edge 1.2 active 3D LCD
shutter glasses
10 Moyle et a, 2018 [36] SI-VR Forest Large screen
11 Ng et al, 2023 [17] FI-VR Early home environment: HTC Vive Pro and Leap
appliancesand daily necessi- Motion sensor
ties
12 Rose et a, 2021 [37] FI-VR Nature and urban, forest, Samsung Gear VR and
countryside, sandy or rocky Samsung Galaxy S6
beaches, and a cathedral
13 Saredakis et al, 2020 [38] FI-VR Personalized VR videosand  Oculus Go
places via Google Street
View
14 Saredakisetd, 2021[39]  FI-VR Personaized VR videosand  Oculus Quest
places via Google Street
View
15 Tabbaaet a, 2019 [40] FI-VR Cathedral, forest, sandy Samsung Gear VR and

beach, rocky beach, and
countryside

Samsung Galaxy S6 mobile
phone

3/R: virtual redlity.

bF-VR: fully immersive virtual reality.

CHD: high definition.

dg)-VR: semi-immersive virtual real ity.

€HMD: head-mounted display.

fOLSF: OverView LED Slim Front access.
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VRRT and the Role of Nature, Nostalgic Memories,
and Social Themes

Overdl, our review findings indicate that the virtual
environments designed for RT were mainly created to be
caming and engaging, with a strong emphasis on nature,
nostalgic memories, and socia themes (Table 2). RT via VR
aimsto create immersive, emotionally meaningful experiences
that promote relaxation and memory recall and enhance
engagement for people with dementia. Numerous studies
demonstrated that virtual environments featuring peaceful
natural landscapes, historical experiences, and familiar settings
contribute significantly to the emotional and psychological
well-being of peoplewith dementia[16,17,27,31,32,34,36,38].

One of the most widely used themesin RT viaVR was nature,
as research indicates that natural landscapes help induce
relaxation and reduce agitation in people with dementia
[16,17,27,36,37]. It was found that people with dementia who
experienced virtual forests, lakes, and beaches reported reduced
anxiety and enhanced emotional engagement [16]. It was further
highlighted that participants displayed lower distress levels
when immersed in nature-based VR experiences, particularly
those incorporating sensory elements such as bird sounds,
flowing water, and open landscapes [28,37].

Nostalgic memories were another central element in RT in VR,
as many virtual environments replicate meaningful locations
linked to the people with dementia's past that can trigger
autobiographical memories [27,31,32,34,38]. People with
dementia responded positively to virtual environments that
resembled places from their younger years, leading to enhanced
memory recall and more profound persona engagement with
caregivers and peers. These placesincluded simulated childhood
homes, nostalgic town streets, familiar workplaces, and
meaningful travel destinations, including timetravel experiences
[27,30,33,37,40]. For example, people with dementia were
immersed in “ Streets of Memory,” a VR representation of old
neighborhoods and markets[33], past workplaces such asfarms
and factories [30], cathedrals and holy places [40], natural
landscapes such as beaches and forests that evoked memories
of youth [27,31,37,40], and rural settings from 1950 - 1970
[32,34].

Finally, it was observed that people with dementia were more
likely to participate in discussions and share personal
experiences when the virtual environments replicated familiar
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social places [30,31,33,37,40]. These places included, for
instance, aV R Christmasdinner [31], acathedral church service
[37], aretired teacher who experienced a VR classroom [30],
afamiliar-looking café [33], and a personalized Google street
view experience, where people with dementia could visit places
they remember, such as old neighborhoods, vacation spots, and
religious sites [38,39].

Feasibility and Impact of VRRT

Overdll, the reviewed studies consistently demonstrated that
VR for RT is feasible and can have a positive impact on
enhancing emotional well-being and social engagement in
people with dementia (Table 3). Several studies confirmed that
people with dementia could successfully engage with VR
without  experiencing  significant  adverse  effects
[27,28,30,33,40]. However, minor side effects, including
dizziness, nausea, and discomfort, were reported [27,33,39],
though these were temporary and did not affect the overall
feasihility.

Further to the above, severa studies reported that people with
dementia were able to engage with VR environments, often
requiring only initial guidance or passive supervision. While
explicit data on caregiver workload was limited, these findings
suggest the potential for VRRT to be implemented with
manageable facilitation demands in structured care settings
[27,28,30,40].

Moreover, the flexibility of VR delivery formats, specifically
the availability of both fully immersive and semi-immersive
systems, emerged as asignificant facilitator of feasibility. Fully
immersive systems, such as HMDs, provide a deeper sense of
presence and sensory engagement, which can enhance
therapeutic outcomes. However, these systems often comewith
higher costs and setup requirements. In contrast, semi-immersive
systems using large screens or projection displays offer amore
accessible and logistically manageabl e alternative, particularly
beneficial for individuals with mobility limitations or in
resource-constrained care settings. This dual-modality approach
increases the adaptability of VRRT, making it feasible across
arange of environments, from long-term residential facilities
to community-based programs [27,30,38,40]. In summary, the
findings from multiple studies indicate that VRRT is feasible
and well-tolerated, with adaptable delivery formats that are
suitable for various care settings.
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Table. Reported side effects, feasibility, and outcomes of reminiscence therapy viavirtua reality.

Matsangidou

Study Instruments Reported side effects ~ Feasibility or tolerance Results

1 Appel etal, 2020 [16] Np 2 Confusion Temporary feelingsof  Peoplewith dementia VR isadeployable,
Assessment Method dizzinessand nausea.  tglerated VR well. VR Scalable, nonpharmaco-
score, Montreal Cogni- isafeasiblenonpharma-  109ical solution for

e A cological intervention ~ Managing BPSD,
tive Assessment g X Sl
b - in acute care hospitals, Which cansignificantly
MMSE, recording in- help dementia patients
stances of BPSD®, and and their caregivers.
semistructured
interviews.

2 Appel et al, 2024 [28] Quality of LifeinLate- Two people with de- People with dementia VR isasafe, well-toler-
Stage Dementia Scale, mentia experienced tolerated VR well. VR ated, and enjoyable
nurses’ daily notesfor nervousness, anxiety, isafeasblenonpharma nonpharmacol ogical
BPSDsand falls,and  confusion, or disorien- cological intervention  solution that can facili-
structured observations  tation, and 1 person in acute care hospitals. tate RT and significant-
and interviews. with dementia experi- ly reduce aggressive-

enced nausea. nessin peoplewith de-
mentia.

3 Brimelow etal, 2020  ppAR® OERS, and  Twopeoplewithde-  Mobile-based VRis  The study found no

[29] gructured observations  Mentiaand impaired  feasible. Peoplewith  impact on OERS mea-

and interviews. vision reported symp-  dementiafound VR sures; no significant

toms of cybersickness. enjoyable with low increasein fear or anxi-
One person with de- levels of physical and  ety. Reminiscence was
mentiafoundthehead- emotional discomfort.  observed in 6 of the 9
set slightly uncomfort- verbally communica
able. Another person tive residents.
with dementiareported
feeling “giddy,” which
was temporary upon
device removal.

4 Coelhoeta, 2020[30] Disability indaily activ-  n/ah A feasible solution RT' viaVR can benfit
ities (Barthel Index and with no significant ad- people with dementia,
Lawton and Brody verse effectsrelated to  \yno are actively en-
Scale), Montredl Cogni- simulator Sicknessor - gageq in the sessions
tive Assessment, Glob- psychological and be-  5nd share memories.
al Deterioration havioral symptoms. No significant psycho-
Scale, Cornell Scalefor logical or behavioral
Depression in Demen- symptom changeswere
tia, NP1, SSQY, and found.
EUROHIS-QOL-8.

5 Ferguson et al, 2020 Functional Assessment Two peoplewithde-  VRissafeand enjoy- VR provides meaning-

[31] Staging Scale, mentia experienced able. ful activity and en-
j worsened BPSD after hances the quality of
PAI NAD ! ane(cjj . VR exposure. Their lifefor peoplewith de-
semistructured inter- — pa | NAD scoresin- mentia.
VIews. creased, indicating dis-
comfort, distress, or
pain.
6 Huang and Yang, 2022 Cognitive Abilities N/A Feasibleand well-toler- RT viaVR canim-
[32] Screening | nstrument, ated. prove mood and help
MMSE, Global status preserve cognitive
by Clinical Dementia functionin peoplewith
Rating, and Depressive dementiaduring thein-
symptoms by the Cen- tervention period.
ter for Epidemiologica
Studies of Depression.

7 Kim et al, 2021 [33] MMSE, Activitiesof ~ Two peoplewithde- VR therapy wasfeasi- VR canbeusedtotreat

Daily Life, VRimmer- mentiareported dizzi- bleand provided high BPSD.

sion scale, and observar
tions.

ness or nausea during
VR exposure.

satisfaction and immer-
sion.
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Study Instruments Reported side effects ~ Feasibility or tolerance Results

8 Kleinetal, 2018[34] Semistructured inter- ~ N/A Feasible when special VR canenrichtradition-
views and observa- considerationisgiven  a RT, foster conversa-
tions. to choosing personally  tions, and support posi-

relevant and engaging  tive interactions be-
content, aswell asthe tween caregivers and
therapy’s contextual people with dementia.
factors.

9 Maneraetd, 2016 [35] MMSE, Clinical De-  Low levelsof discom-  People with dementia VR can have apositive
mentia Rating Scale-  fort, anxiety, and fa- reported high satisfac-  impact on people with
Sum of Box scores, di-  tigue. tion and security. dementia experiencing
agnostic criteriafor ap- apathy.
athy in clinical prac-
tice, and attention
tasks.

10 Moyleet a, 2018[36] OERS, PEAR, Someparticipantsexpe- Feasibleandwell-toler- VR was perceived to
semistructured inter-  rienced mild fear or ated. have a positive effect
views, and structured  anxiety during VR. on peoplewith demen-
observations. tia However, com-

pared to the normative
sample, agreater level
of fear or anxiety was
observed during VR. It
may have the potential
to improve quality of
life.

11 Ng et a, 2023 [17] N/A Dizzinessasan effect  Feasible but complex.  The study supports the

of VR teleporting. use of VR for RT in
people with dementia.

12 Roseet a, 2021 [37] OERS, OAS-MNRX, &t  One person with de- Thestudy providesevi- VR can enhance the
AndrewsSexual Behay- Mentiareported dizzi- - dence of the clinical emotional well-being
ior Assessment, time eSS duetothefrequent feasibility of VRimple- of people with demen-
exposed, and movement of thehead- mentation in health tia
semistructured inter-  Set to and from their care settings.
views. eyes.

13 Saredakiset al, 2020  PsychogeriatricAssesss A total of 35% (6/17) RT viaVR ishighly People with dementia

[38] ment Scale, AES, of participants experi- feasible. showed improved se-
SSQ, Slater-Usoh- enced temporary side mantic scores immedi-
Steed Presence Ques- effects such asdiscom- ately after using VR for
tionnaire, Phonemic  fort around the cheek- RT. Those with higher
and Semantic Verbal bone, nausea, and levels of apathy
Fluency Tasks, expecta:  dizziness. demonstrated the -
tions or enjoyment greatest cognitive im-
measure, and struc- provements after VR-
tured interview. RT™.

14 Saredakiset a, 2021  AES, Addenbrooke Two peoplewithde- VR canbeimplement- People with dementia

[39] Cognitive Examination mentiareported after- edinanaged careset- enjoyed RT viaVR.

I, Geriatric Depres-
sion Scale, Quadlity of
Lifein Alzheimer Dis-
ease, Three-Item Lone-
liness Scale, SSQ, and

structured observations
and interviews.

effects (headache and
head feeling heavy)
that occurred in the
evening following a
morning VR session.

ting with appropriate
protocolsin place.
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Study Instruments Reported side effects ~ Feasibility or tolerance Results
15 Tabbaaeta, 2019[40] OERS, OAS-MNR, N/A Feasibleand well-toler- VR enhanced the emo-
semistructured inter- ated. tional well-being of
views, and observation- people with dementia,
al notes. with effects lasting for

ashort time after the
session. VR alsofacili-
tated emotional open-
ness between care-
givers and people with
dementia.

8NPI: Neuropsychiatric Inventory.

PMMSE: Mini-Mental State Exam.

®BPSD: behavioral and psychological symptoms of dementia.
dv/R: virtual reality.

®PEAR: Person-Environment Apathy Rating.

fOERS: Observed Emotion Rating Scale.

95SQ: Simulator Sickness Questionnaire.

AN/A: not available.

IRT: reminiscence therapy.

JIPAINAD: Pain Assessment in Advanced Dementia.
KOAS-MNR: Overt Aggression Scale-Modified for Neurorehabilitation.
IAES: Apathy Evaluation Scale.

MVRRT: virtual reality reminiscence therapy.

VRRT and ItsImpact on Emotional Well-Being

Emotional well-being is a vital aspect of dementia care, as
people with dementia often face mood disturbances, anxiety,
depression, and apathy. These issues are collectively known as
the BPSD and can severely affect the quality of life of people
with dementia [14,38]. Our review indicates that RT delivered
through VR has been shown to have a positive impact on the
BPSD, with numerous studies highlighting these benefits.
Specifically, studiesreported that the use of VR improved mood,
reduced agitation, and increased engagement among people
with dementia[27,31,35-38]. Additionally, RT viaVR hasbeen
shown to alleviate emotional distress and psychological
discomfort for both people with dementia and their caregivers,
who were found to experience significant emotional relief and
relaxation during VR reminiscence sessions[31,40], suggesting
that VR can serve as a stress-reducing intervention.

One of the primary reasons RT via VR can enhance emotional
well-being is its ability to immerse people with dementia in
calming, familiar, or personaly meaningful environments.
Specifically, studies found that people with dementia who
experienced VR environments depicting natural landscapes,
such as forests, lakes, and beaches, exhibited increased
relaxation and reduced anxiety [16,17,36]. Similarly, people
with dementiawho engaged in VR sessions featuring peaceful ,
scenic locations such as underwater themes, farmyards, or travel
destinations displayed fewer signs of agitation and distress
[27,34,38].

Furthermore, as with traditional RT, RT via VR can evoke
deeply personal and emotionally meaningful experiences, which
contribute to a sense of identity, self-awareness, and emotional
fulfillment. It was observed that during RT in VR, people with
dementia were able to restore memories from their past,
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triggering emotions tied to nostalgia, love, and belonging
[39,40]. This emotional re-engagement often strengthens
feelings of self-worth and dignity, which are crucial for
maintai ning well-being in dementiacare[27]. To further support
the above, another study found that VR reminiscence
experiences €elicited high levels of emotional satisfaction and
security, with participants displaying more expressions of
happiness and comfort compared to non-VR RT [35,37].

VRRT and ItsImpact on Social Engagement

Social engagement is a crucia aspect of well-being for people
with dementia, asit helpsreduceloneliness, improve emotional
stability, and strengthen relationships with caregiversand family
members [38,41]. RT via VR has been shown to facilitate
meaningful interactions by encouraging people with dementia
to share persona experiences, engage in conversations, and
participate in immersive social settings. Studies have
consistently highlighted the ability of RT via VR to stimulate
both verbal and nonverbal interactions, resulting in enhanced
social connections [31,35,36,40]. To further support this,
multiple studies observed that people with dementia who
participated in VR reminiscence sessions were more likely to
express emotions, initiate conversations, and reflect on past
experiences. This enabled caregivers to gain deeper insights
into their personal stories [39,40]. Additionaly, research
indicated that RT via VR enabled group discussions and
storytelling, which encouraged people with dementia to
comment on each other’s experiences and engage in collective
reminiscing, which reinforced social bonds [28,34,35].

Beyond verbal interactions, RT through VR also boosts
emotiona engagement, which playsacrucia rolein maintaining
social relationships [42]. Our review found that people with
dementia who participated in RT via VR showed increased
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smiling, laughter, and eye contact, indicating greater emotional
connectivity with those around them [36,39]. These findings
imply that VRRT not only triggers memories but also fosters
present-moment social interactionsthat contribute to emotional
well-being.

Another significant way RT viaVR enhances social engagement
isby reducing social withdrawal and apathy, common symptoms
in dementiathat often lead to isolation [38]. A study found that
people with dementiawho participated in RT viaVR exhibited
lower levels of social withdrawal and depression, indicating
that immersive experiences can encourage active participation
in social interactions [27,37]. This aligns with findings from
another study [40], which noted that VR-based RT provided a
shared platform for communication, making it easier for
caregivers and people with dementia to connect over mutual
experiences.

VRRT and ItsImpact on Cognitive Stimulation

While RT via VR has shown promising effects on emotional
well-being and social engagement, its impact on cognitive
function remains inconclusive. In particular, a study suggests
that RT via VR may help preserve cognitive function during
the intervention period, but its long-term effects are unclear,
requiring further research to determine whether these benefits
persist over time [32].

On the other hand, severa studies found no significant
improvements in cognitive domains such as attention, memory
retention, or processing speed, nor sufficient evidence that
VR-based RT reduces cognitive decline over time [27,35,37].
However, people with dementia with higher levels of apathy
exhibited significant cognitive improvementsfollowing RT via
VR, suggesting that the therapy may be particularly beneficial
for specific subgroups[38,39].

One possible explanation for these findings is that RT viaVR
primarily stimulates emationally charged autobiographical
memories, rather than engaging higher-order cognitive processes
such asreasoning, problem-solving, or working memory [35,39].
While RT is known to activate episodic memory networks, the
extent to which these activations contribute to broader cognitive
function remains uncertain [27,39].

Additionally, RT via VR was found to elicit autobiographical
memoriesin familiar environments, reinforcing theimportance
of personalized content [30,33]. This suggests that the success
of RT via VR may depend on familiarity with the virtual
environment, with well-known settings enhancing reminiscence
and memory recall more successfully than unfamiliar ones.

Current Limitations and Future Directionsin VRRT

Degspite the promising potential of using VR to enhance RT,
several limitations hinder its widespread implementation in
dementia care settings. One of the primary challengesidentified
in the findings is VR technology’s high cost and
resource-intensive nature. Many long-term care facilities lack
the financial resources to invest in expensive VR headsets,
high-quality software, and the necessary infrastructure for setup
and maintenance [40]. While SI-VR solutions using large
screens provide a more affordable alternative, they lack the
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same level of immersion and engagement as FI-VR [35,36].
Additionally, RT viaV R requires dedi cated space and structured
session planning, which can be difficult for care facilities with
limited resources and understaffed teams. To address these
issues, research should focus on developing cost-effective VR
solutionsfor RT, such asmobile-based VR apps and lightweight,
affordable VR headsets that require minima setup [36].
Additionally, open-source VR software and cloud-based VR
platforms could reduce infrastructure costs and improve
accessibility for lower-resource care settings [40]. Scalable VR
solutionswith portable, |ow-cost hardware and preprogrammed
virtual environments could make VR more practical for
widespread clinical use[37].

Another significant limitation is the technical complexity of
VR systems and the need for caregiver training. Facilitating an
RT session using VR systems involves specialized equipment
that requires caregivers to be trained in setup, troubleshooting,
and guiding people with dementia through VR experiences
[27,40]. However, many caregivers report limited confidence
in using technology, and the high turnover rates in dementia
care settings make continuous training difficult [37,40]. To
improve usability and adoption, VR developers should focus
on creating simplified, user-friendly interfaces that caregivers
can operate with minimal training [16]. Structured VR training
modules for caregivers, including interactive tutorials and
hands-on workshops, could further support the implementation
of VR in dementia care [31]. Future research should explore
the integration of voice-assisted navigation and automated
session setup, allowing caregiversto facilitate VR for RT with
minimal assistance [27].

The findings also indicate that people with dementia exhibit
individual variability in their response to VR, with some
experiencing sensory overload, disorientation, or fatigue, making
it necessary to adjust VR exposure based on individual needs
[27,28,31]. However, many VR systemsin dementia care lack
adaptive features that personalize the therapeutic content based
on cognitive and sensory preferences. Thus, adaptive VR
experiences that adjust based on people with dementia's
emotional and cognitive responses could help tailor RT sessions
viaVRtoindividual needs, reducing therisk of sensory overload
[33].

Additionally, there is limited research on the long-term effects
of VR in RT and its ability to sustain therapeutic benefits over
time. Whilemultiple studies confirm that VR canimprove RT’s
outcomes, there isinsufficient evidence on whether it provides
lasting improvements [27]. Most existing studies focus on
short-term effects, with limited follow-up on how repeated
exposure to VR influences neurocognitive resilience in people
with dementia. Furthermore, the effectiveness of VRRT
compared to traditional RT remains unclear, raising questions
about its long-term clinical value and cost-effectiveness [40].
Future research should prioritize longitudinal studiesthat assess
the sustained effects of VR in RT over time [35]. Lastly,
comparative studies evaluating VRRT against traditional RT
could provide deeper insights into its long-term therapeutic
potential and clinical relevance [36,40].
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Discussion

Principal Findings

The findings of this review suggest that RT viaVR isfeasible
and can positively enhance intervention in dementia care, with
notabl e benefitsin emotional well-being and social engagement.
In particular, and in response to RQL, it was found to be a
feasible and well-tolerated intervention for people with
dementia. Studies consistently report that people with dementia
can successfully engage with virtual environments without
experiencing major adverse effects. The availability of both
fully immersive and semi-immersive systems enhances its
adaptability, making it accessible for peoplewith dementiawith
mild, moderate, and severe degrees of cognitive impairment
and mobility limitations.

RT via VR has aso been shown to enhance the health-related
quality of life for people with dementia. In response to RQ2,
the findings indicate that RT via VR addresses the BPSD by
reducing agitation, anxiety, and apathy, while fostering
relaxation and positive emotions, especially when immersed in
peaceful, familiar, and personally meaningful VR environments.
It isworth mentioning that theimpact of RT viaV R on cognition
remainsinconclusive. Studies examining its effects on memory
recall, attention, and executive function found no significant
improvements in cognitive performance. While RT viaVR is
ableto stimulate autobiographical memory retrieval, it does not
necessarily enhancelong-term cognitive function or ow disease
progression.

Comparison to Prior Work

The findings of this review are broadly consistent with recent
reviews, both systematic and scoping, evaluating VRRT among
older adults, including those with cognitive impairment. A
systematic review [43] reported that VRRT is associated with
emotional benefits such as reductions in anxiety, apathy, and
depressive symptoms. Similarly, scoping reviews[26,27] found
that immersive, autobiographically meaningful content tends
to enhance mood and emotional engagement. However, this
review also makes several distinct contributionsto theliterature.
First, it focuses exclusively on people with dementia, while
prior reviewsincluded broader populations, such asolder adults
with or without cognitiveimpairment [26,27]. Thismore specific
scope offers a dementia-targeted synthesis, enabling better
applicability for practitioners and researchersin dementiacare.
Second, this review provides a more context-sensitive analysis
of implementation challenges, extending beyond general
usability concerns, identified in previous reviews such as
simulator sickness, interface complexity, and the need for
caregiver assistance [26,43]. This review builds upon prior
usability discussions by identifying additional practical barriers
that influence VRRT implementation, including the need for
trained personnel, space constraints, and technical support
requirements. While earlier reviews report general challenges,
this review highlights how these factors can vary across care
settings, suggesting the importance of context-specific
implementation planning.

The cognitive outcomes reported remain limited across all
reviews. While some evidence suggests that VRRT may
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stimulate autobiographical memory in the short term, none of
the included reviews, including this one, found robust support
for long-term improvementsin memory, attention, or executive
functioning. In previous reviews, the absence of randomized
controlled trials to evaluate the solution has been emphasized
[26,43], dong with the need for more rigorous data [27].
Building on these insights, this review advocates for designing
future studies around unified cognitive metrics and sustained
postintervention follow-ups.

Lastly, this work offers forward-looking insights by providing
practical, design-oriented recommendations, such asintegrating
mobile VR platforms, simplifying user interfaces, and creating
culturally adaptive content libraries. These suggestions are
aimed at addressing cost, accessibility, and caregiver usability
gaps, areas not thoroughly operationalized in previous reviews
[26,27]. As such, this review serves not only as a synthesis of
existing evidence but also as a strategic roadmap for designing
more scalable and feasible VRRT interventions explicitly
tailored for dementia care.

Strengthsand Limitations

This review provides a comprehensive synthesis of current
evidence on the feasibility, acceptability, and therapeutic
potential of delivering RT through VR for peoplewith dementia.
By incorporating studies that span varying levels of cognitive
impairment and care environments, it offers a nuanced
understanding of how both SI-VR and FI-VR technologies can
be adapted to meet the complex and evolving needs of this
population. A key contribution of thisreview liesinitsfocused
analysisof critical dimensions often overlooked in prior reviews,
including the degree of immersion, personalization, content
relevance, and implementation challenges within real-world
care settings.

To the best of our knowledge, thisisthe only recent review that
concentrates solely on people with dementia, excluding broader
populations of older adults with or without cognitive
impairment, while examining the differential use of SI-VR and
FI-VR systems. Moreover, by emphasizing system design
considerations, the review aligns with contemporary calls for
more inclusive, accessible, and person-centered VR
interventions. These insights extend the review’s relevance
beyond clinical practitioners to include gerontologists,
human-computer interaction researchers, and technology
developers working at the intersection of dementia care and
digital innovation. In doing so, it contributes a timely and
interdisciplinary perspective that can guide the design,
deployment, and evaluation of future VR-based therapeutic
tools.

However, in response to RQ3, severa limitations must be
acknowledged. First, despite the promising findings, the high
cost of VR equipment, software, and required infrastructure
remainsasignificant barrier to widespread adoption, especially
inresource-limited care settings. While semi-immersive systems
may offer more accessible alternatives, they often lack the
engagement and immersive quality necessary to maximize
therapeutic effects. Second, the technical complexity of VR
systems presents an operational challenge. Caregivers must
receive adequate training to operate equipment and support
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people with dementia through virtual experiences, which may
be unrealistic in understaffed environments.

Furthermore, many of the included studies are limited by small
sample sizes, short intervention durations, and a lack of
standardized outcome measures, which hinders cross-study
comparability. Research on the long-term efficacy of VRRT is
particularly scarce, with most studies focusing on immediate
or short-term outcomes. The variability inindividual responses
also complicates implementation; while some people with
dementia benefit substantially, others may experience sensory
overload, fatigue, or disengagement. Current VR platforms
generaly lack adaptive features that can tailor the experience
to individual user profiles or adjust dynamically in response to
behavioral feedback.

In addition to the challenges identified in response to RQ3, this
review itself is subject to several methodological limitations.
First, the literature search was limited to freely accessible
full-text papers published in English. Asaresult, relevant studies
published behind paywallsor in other languages may have been
excluded, potentially narrowing the comprehensiveness and
representativeness of the findings. Second, the review was
conducted by a single author, who carried out all stages of the
process, including study screening, selection, and data
extraction. While effortswere made to apply clear and consistent
criteriathroughout, the absence of a second reviewer may have
introduced potential selection bias and reduced intercoder
reliability.

Future Directions

To address RQ4, future research should enhance affordability,
personalization, long-term impact, and usability of VRRT for
peoplewith dementia. Devel oping cost-effective, mobile-based
VR solutions, such aslightweight headsets or tabl et-compatible
apps, could significantly enhance accessibility, particularly in
underresourced care settings. These alternatives should aim to
retain therapeutic immersion while reducing financial and
infrastructural burdens associated with high-end VR systems.

Moreover, the personalization of VRRT experiences remains
critical to their effectiveness. Future systems should integrate

Matsangidou

adaptive features that tailor content based on individual life
histories, preferences, and cognitive or sensory needs.
Approaches such as user-driven content selection, biometric
feedback integration, and modular content frameworks can help
dynamically adjust the experience to match user tolerance and
emotional state.

To maximize real-world applicability, simplified interfaces and
structured caregiver training protocols are necessary to reduce
technical complexity and empower care staff. The inclusion of
training toolkits, step-by-step onboarding modules, and in-app
guidance systems could support smoother integration in
everyday care workflows.

Importantly, research should also focus on establishing the
long-term effects of VRRT through high-quality, longitudinal
studies. These should investigate not only sustained
psychological and cognitive outcomes but also the potential for
reducing caregiver burden and improving overall health-related
quality of life. Comparativetrials between VRRT and traditional
RT are also needed to clarify cost-effectiveness and relative

efficacy.

Finally, co-design methodologies that involve people with
dementia, caregivers, and interdisciplinary experts in the
development process can ensure that future VRRT systems are
ethically grounded, emotionally safe, and attuned to the lived
realities of diverse dementia care populations.

Conclusions

In conclusion, this scoping review illustrates that the
employment of RT through VR providesaviable and innovative
strategy for dementia care. Nevertheless, practical challenges
such as considerable costs, the complexity of personalization,
and the necessity for caregiver training impede its extensive
implementation within care environments. Notwithstanding
these obstacles, the findings highlight the potential of VRRT
to function asascalable, person-centered tool in dementiacare.
Subseguent research that addresses usability, cost-effectiveness,
and long-term outcomes, while integrating inclusive co-design
methodol ogies, can contribute to the evolution of VRRT into a
sustainable and equitable element in dementia care.
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PRISMA-ScR: Preferred Reporting Items for Systematic Reviews and Meta-Analyses Extension for Scoping
Reviews

RQ: research question

RT: reminiscence therapy

SI-VR: semi-immersive virtual reality

VR: virtual redlity

VRRT: virtual reality reminiscence therapy
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Abstract

Background: Delivering high-quality prehospital emergency care remains challenging, especially in resource-limited settings
where real-time clinical decision support islimited. Augmented reality (AR) has emerged as a promising health care technol ogy,
offering potential solutions to enhance decision-making, care processes, and emergency medical service (EMS) training.

Objective: This systematic review assesses the effectiveness of AR in improving clinical decision-making, care delivery, and
educational outcomes for EM S providers.

M ethods. We searched databasesincluding PubMed, Cochrane CENTRAL, Web of Science, Institute of Electrical and Electronics
Engineers (IEEE), Embase, Psyclnfo, and Association for Computing Machinery (ACM). Studies were selected based on their
focus on AR in prehospital care. A total of 14 randomized controlled trials were selected from an initial screening of 2081
manuscripts. Included studies focused on AR use by EMS personnel, examining clinical and educational impacts. Data such as
study demographics, intervention type, outcomes, and methodol ogies were extracted using a standardized form. Primary outcomes
assessed included clinical task accuracy, response times, and training efficacy. A narrative synthesis was conducted, and bias
was evaluated using Cochrane'srisk of biastool. Improvementsin AR-assisted interventions and their limitations were analyzed.

Results: AR significantly improved clinical decision-making accuracy and EMS training outcomes, reducing response times
in simulations and real-world applications. However, small sample sizes and challenges in integrating AR into workflows limit
the generalizability of the findings.

Conclusions: AR holds promise for transforming prehospital care by enhancing real-time decision-making and EM S training.
Future research should address technological integration and scalability to fully realize AR’s potential in EMS.

(IMIR XR Spatial Comput 2025;2:e66222) doi:10.2196/66222

KEYWORDS

prehospital emergency care; emergency medical services, randomized controlled trials; clinical decision support; training;
augmented reality; emergency; care; systematic review; BLS; procedures; traumatic injury; survival; prehospital; emergency
care; AR; decision-making; educational; education; EMS; database; technology; critical care; basic life support

such as emergency medical technicians, firefighters, and
paramedics care for diverse patient populations in variable in
highly acute settings; they are often the first to respond to
life-threatening scenarios such as traumatic injury or cardiac
arrest. Innovations in prehospital care have led to improvement
in patient outcomes over the past several decades, including a

Introduction

Overview

The prehospital setting represents a critical area of emergency
medical care. Emergency medical services (EMSs) providers,

https://xr.jmir.org/2025/1/€66222 JMIR XR Spatial Comput 2025 | vol. 2 | 66222 | p.66
(page number not for citation purposes)


http://dx.doi.org/10.2196/66222
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

reduction in early deaths following traumatic injuries and
improved survival from out-of-hospital cardiac arrest following
early initiation of basic life support (BLS) procedures [1-5].
However, there remain significant chalenges to providing
high-quality prehospital emergency care, especialy in
resource-limited settings. Prehospital emergency careliterature
reports that top research priorities include augmenting the
education and training of EM S personnel aswell asimproving
the management of patients with life-threatening conditions
such as asthma exacerbation, traumatic brain injury, and cardiac
ischemia[6,7]. Further, improving the availability and response
quality of medical control physiciansfor EM S systems has been
cited as an additional area of interest [8].

With the need for improvements in both real-time decision
support in prehospital care and the education and training of
prehospital care providers, researchers have posited the utility
of integrating AR into the prehospital setting. AR technologies
are tools to superimpose digitally generated 3D and 2D visual
information into a user’s environment in real time for display
and guidance. Unlike virtual redlity, in which a user is
completely immersed in a virtual environment that occludes
their physical environment, users of AR technologies can
interact with both their physical environment and digitally
generated images [9].

AR already has significant implicationswithin health care, with
AR-based clinical and training modalities beginning to emerge
within  several medical fields [10-13]. The most
well-documented examples come from surgical specialties,
which have for years used AR-based equipment as clinical
decision support (CDS) and training tools to practice intricate
procedures; additionally, many subdisciplinesincluding bariatric
surgery, oral-maxillofacial surgery, and neurosurgery use
AR-based minimally-invasive robotic procedures [14-19].
Experts have suggested that AR-based CDS tools may prove
useful to avariety of prehospital applications, such asproviding
real-time decision support for patient resuscitation or enhancing
BLS education.

To date, there have been few systematic examinations of AR
in emergency medicine (EM), with even fewer specifically
investigating prehospital emergency medical care. This
manuscript thus presents a systematic review of randomized
control trials (RCTs) investigating applications of AR in
prehospital emergency medical care. Our primary objective is
to evaluate the efficacy and effectiveness of AR applicationsin
improving patient outcomes, care processes, and learning
outcomes in the prehospital emergency care setting. Our
secondary objectives are to identify challenges and limitations
for the implementation of AR-based CDS and training toolsin
prehospital EM and to explore future directions for AR
applications in these domains.

Methods

Literature Search

A systematic review of the available literature was performed
toinvestigate the effect of AR on prehospital emergency medical
care. Eligibility criteriafor inclusion in the systematic review

https://xr.jmir.org/2025/1/e66222
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included peer-reviewed manuscripts published between 1970
and 2024 (June 10) in English-language journals. A search was
conducted of online academic databases including PubMed,
CENTRAL, Web of Science, Institute of Electrical and
Electronics Engineers (IEEE), Embase, Psycinfo, CINAHL
Complete, and Association for Computing Machinery (ACM).
Detailed search strategy across databasesfor identifying studies
on AR in prehospital emergency care can be found in
Multimedia Appendix 1.

Full-Text Review

A search of these 8 academic databases yielded 2081
manuscripts for review. Two independent reviewers first
screened titles and abstracts to remove duplicates (n=726) as
well as manuscripts that were not related to EM (n=1228). A
full-text review of 127 studieswas conducted by 8 independent
researchers to assess their eligibility. Studies were included in
full-text screening if a reviewer consensus of 2 reviewers
deemed the study eligible. Each study during full-text screening
was reviewed by 2 of the 8 reviewers independently and
consensus was determined by athird reviewer. Data extraction
was conducted independently by 2 reviewers using Covidence
software (Veritas Headlth Innovation), which facilitated the
management and review of manuscripts. Each reviewer
independently extracted data, including study characteristics,
participant demographics, intervention details, and outcome
measures. Any discrepanciesin the extracted datawere resolved
through discussion, with a third reviewer stepping in to make
the final decision when necessary. No automation tools were
used in the data extraction process. Thefull dataextraction form
can be seen in Multimedia Appendix 2.

Criteriafor Inclusion

Criteriafor inclusion into the final systematic review included
full RCT or crossover RCT design; study settingin an EM; and
use of wearable, handheld, or projection-based AR in
intervention. Studies were included if they investigated the
impact of AR on health care professionals or hedth care
students, including emergency responders, paramedics,
emergency medical technicians, medics, EM physicians,
residents, or fellows, physician assistants, medical and health
care students, surgeons, nurses, firefighters, law enforcement
officers, or other relevant population (eg, lifeguards, other
university students and lay first-responders, or unspecified
medical specialties). Studies were also excluded if they were
only a description of the technology without learning,
performance, or other intervention outcomes.

Key Data Extracted

Primary outcomes of interest included patient outcomes or
clinical performance outcomes such as task completion time,
accuracy, number of attempts, and errors. Secondary outcomes
included user experience or human factors outcomes such as
technology acceptance, workload, stress, and cyber- or
simulator-sickness. Key data for analysis was extracted from
each of the included manuscripts by 2 independent reviewers
using a standardized data extraction form. All data were
collected and recorded using Microsoft Excel software. Data
collected included study characteristics, participant
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demographics, AR information, outcome measures, results, and
limitations.

In addition to primary outcome measures such as task
completion time, procedure accuracy, and protocol compliance,
we collected dataon several other key variables. Theseincluded
study characteristics (publication year, country of study, design
type, sample size), participant characteristics (professional roles
such as first responders, paramedics, medical students; study
population size; and whether the setting was civilian or military).
Intervention characteristics were al so documented, focusing on
thetype of AR platform used (eg, HoloL ens, Vuzix, and Google
Glasses) and theintervention context (real-time clinical support
or educational training). Secondary outcome measures like user
experience, technology acceptance, workload, and the
occurrence of simulator sickness were also analyzed. No
assumptions were made about missing or unclear data, and any
such data were marked as “not reported.”

Consensus

Consensus between reviewers was tracked via Microsoft Excel
spreadsheet and calculated using Cohen K, with an average of

https://xr.jmir.org/2025/1/e66222
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0.71 (95% CI 0.635 - 0.785). The quality and potential bias of
the included studies were evaluated on a manuscript level by
independent reviewers using Cochrane’s risk of bias tool [20],
which can be seenin Multimedia Appendix 3, and reviewed by
group consensus. The literature review and evaluation process
aredetailed in Figure 1. All datawere summarized collectively
and reported as an aggregate as well asin subgroups including
“education and training” and “clinical decision making”.
Qualitative and descriptive data were synthesized narratively.
The review protocol can be accessed in the Multimedia
Appendix 2.

Results

Characteristics of Included Studies

Figure 1 presentsthe review procedure and the resulting number
of relevant papersbased on PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Anaysis) [21]. The
characteristics of the 14 studies included in this systematic
review are summarized in Table 1.
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Figurel. Systematic literature review procedure and the resulting number of relevant papersusing PRISMA (Preferred Reporting Itemsfor Systematic
Reviews and Meta-Analysis) [21]. RCT: randomized controlled trial.
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Table. Summary of studies evaluating augmented reality (AR) interventions in prehospital care, including study populations, AR platforms used,
primary outcomes, and main findings across various emergency medical scenarios.

First author, publicationyear Study population and sam- AR intervention; platform

plesize

Primary outcome measures

Main findings

Rebol et a, 2023[22]

Koutitas et al, 2019 [23]

Gruenerbl et al, 2018 [24]

Doswell et al, 2020 [25]

Collington et al, 2018 [26]

Barcala-Furelos et a, 2023

(27]

Follman et al, 2019 [28]

Du et al, 2022 [29]

Aranda-Garcia et al, 2024

[30]

Follman et al, 2021 [31]

Hou et al, 2022 [32]

Apiratwarakul et al, 2022
[33]

Azimi et al, 2018 [34]

Glick et al, 2021 [35]

First responders (n=25)

EMS? cadets (n=30)

Nursing students (n=50)

First responders (n=10)

Firefighters (n=10)

Lifeguards (n=38)

Paramedics (n=31)

Medical students (n=20)

Health sciences and nursing
students (n=60)

Non-EM hedlth care profes-
sionals (n=40)

Health care university stu-
dents (n=27)

Emergency physicians,
nurses, and EMTsY (n=68)

EM providers (n=20)

Medical students (n=13)

Real-time assistance for

CPR® performance;
HoloLens

Training module for the op-
eration of AmBus systems,
HoloLens

CPR training module;
Google glasses

BL S’ procedures training
module; HoloLens

BLS procedures training
module; Moverio glasses

Real-time assistance for
simulated infant delivery;
Vuzix

Real-time assistance in
Yok triage; ReconJet

Tactical Combat Casualty
Care (TCCC) training mod-
ule; HTC VivePro

CPR and AED® training
module; Vuzix

Real-time assistancein MClI
triage; ReconJet

CPR training module;
HoloLens

Real-time assistancein MClI
casualty detection; HMT-1

Training in advanced life
support procedures;
HoloLens

Remoteguidancein perform-
ing chest thoracotomy;
HoloLens

CPR performance metrics
(compression depth and
rate)

Timeto task completion and
error rate

CPR performance metrics
(compression depth and
rate) before and after train-
ing

Timeto correct procedure
performance

Performance in smulated
trauma scenarios

Performance time and com-
pliance with protocol

Screening time and assess-
ment accuracy

Posttest knowledge acquisi-
tion

Time to task completion,
adherence to BLS protocol,
CPR performance

Timetotriage; triage accura
cy

CPR performance metrics
(compression rate and
depth)

Timeto completion; accura-
cy of casualty count insimu-
lated MCI

Task performance, task time

Procedure quality rated by
independent observer

No significant performance
difference between mixed
reality and control group

Significant reduction in task
completion time and error
ratein AR group

Significant improvement in
posttraining performancein
AR group

No significant differencein
performance time between
AR and control group

Significant improvement in
self-reported hands-on skills
proficiency in AR group

Significantly improved pro-
tocol adherencein AR group

Significant improvement in
triage accuracy in AR group

No significant improvement
in posttest scores between
AR and control groups

Significantly improved CPR
quality and protocol adher-
encein AR group

Significantly decreased
triage timein non-AR; no
difference in accuracy

No significant performance
difference between AR and
control groups

Significantly decreased time
to task completion in AR
group, no significant differ-
ence in accuracy

No significant difference
between AR and control
groups

Significantly improved pro-
cedure quality rating in AR
group

8CPR: cardiopulmonary resuscitation.
bEMS: emergency medical service.

°BLS: basic life support.
dMCI: mass casualty incident.

EAED: automated external defibrillator.

EMm: emergency medicine.

9EMT: emergency medical technician.
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Type of Study Design education, or both. Full RCTs are the most frequent, with 4
Figure 2 highlighted the summary-level study characteristics Studies focused on training or education and 3 on real-time
of the 14 studies. Figure 2A and C shows the distribution of ~ decision support. Additionally, one study addressed both focus
studies by study design (Crossover RCT and Full RCT) and areas. _Crosso_ver RCTsprimarily focuson fcral ning or education
their focus areas real-time decision support, training or (4studies), with onestudy focused onreal-time decision support.

Figure 2. Summary characteristics of 14 included studies.

A.Study Design

4/14= 28%

B. Study Participants by

10 Healthcare Experience

W NA Healthcare Student ] First Responder

B Physician, nurse, or APP

o N B O @

10/14= 72%
RCT Crossover

C. Study Focus

8
6
4
8/14=57% Q 6/
2
0

14=43%
& &

i p
&S
o -@s Medical training Lay volunteer
>
D.Care Location E. Countries
(Military vs Civilian) Represented
; Both China
M"‘“’;‘;:"'"g 7% 14.3%
United States
35.7%
Germany
14.3%
Israel
12 7%
UK
7.1%  Thailand SP@in
7.1% 14.3%
Civillian setting
F. AR Platforms
Others
n=4; 28%
Reconlet
n=2: 14.2%
Hololens
n=6; 43%
WVuzix
n=1; 7.1%
Google Glasses

https://xr.jmir.org/2025/1/e66222

XSL-FO

RenderX

n=1; 7.1%

IJMIR XR Spatial Comput 2025 | vol. 2 | €66222 | p.71
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

Settings and Regions

The 14 studies included a total of 420 participants and were
conducted in 7 different countries. A total of 10 (71%) studies
were full RCTswhile 4 (29%) studies used a crossover design.
Overall, 12 (86%) studies were conducted in civilian settings
while 1 (7%) study was conducted in a military setting and 1
(7%) study used both military and civilian settings (Figure 2E).
Eight (57%) studies used AR for use in task training and
education, while the remaining 6 (43%) used AR to provide
real-time decision support for clinical scenarios. All 14 (100%)
studies used medical simulation rather than rea clinica
encountersto test their AR interventions.

M easured Outcomes

While specific outcome measures varied, all studies aimed to
compare the efficacy of their AR intervention relative to the
current standard of practice. Outcomes examined included time
to initiation or completion of desired procedure or intervention

Harari et al

(n=5) percentage of correctly informed procedures, procedure
quality, or error rate (n=8), and knowledge acquisition (n=1).
Overall; 57% (n=8) found statistically significant improvements
intheir desired outcomesusing AR modalities, while 36% (n=5)
indicated no significant difference, and 7% (n=1) demonstrated
worse performance following AR interventions.

Type of AR Platforms

All studies used wearable head-mounted displays to deliver
their AR intervention (Figure 2F). The most used AR platform
across studies was HoloL ens goggles (6/14; 43%); other AR
platforms used included Vuzix (n=1), Google glasses (n=1),
ReconJet (n=2), Epson Moverio (n=1), HTC Vive Pro (n=1),
and HMT-1 (n=1). A description of the AR platforms used in
the 14 studiesis presented in Table 2.

A variety of apps and software platforms were used across the
14 studies; selected novel interventionsare highlighted in Table
3.

Table. Comparison of augmented reality/virtual reality (AR/VR) devices used in prehospital simulations, showing manufacturer, model, rel ease date,

price, and key features.

Device Manufacturer; modelsand release date; and retail  Capabilities
price
HoloL ens Microsoft; V2 (2019); US $3500 Eye-tracking, audio and speech command, spatial

Google Glasses

Moverio Epson; BT 35-e (2018); US $200-US $800
Vuzix Vuzix; M400 (2020); US $1799

RealWear RealWear; HMT-1 (2018); US $797-US $1500
ReconJet Intel; Smart Glasses (2015); US $699

HTC VivePro

Google X; Explorer (2019) NOTE: no longer
manufactured; US $999-US $1848

HTC; VivePro 2.0 (2021); US $699-US $1999

mapping, MR? capture, Windows connectivity

Voice command, internet browsing, camera,
calendar, android iOS

Voice recognition, high definition (HD) display,
drone connectivity, remote service, and support

Voice recognition, eye-tracking, spatial mapping,
iOS and Android compatibility, waterproof

Voice-activated display, noise cancellation,
voice-activated, outdoor-compatible display,
water and shock resistant, android and Bluetooth
compatible, 20-degree field of view

3-axis sensor, biometric tracking data (heart rate,
sleep, etc), GPS, accelerometer, microphones,
android iOS compatible, Bluetooth and wifi
connectivity

5k resolution, submillimeter tracking capabilities,
balanced ergonomic, 120-degree horizontal field
of view

AMR: mixed reality.
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Table. Selected augmented reality (AR) apps and software platformsin 14 prehospital included studies.

App Description Platform (location) Manuscript

PRIOR Android app for technical support  Tech2Go GMBH Mobile System  Follman et al, 2019 [28]
in MCI?triage (Hamburg, Germany)

AUDIME Android app for technical support ~ Tech2Go GMBH Mobile System  Follman et a, 2021 [31]
in MCI triagein the disaster setting (Hamburg, Germany)

AMBUS App for learning layout of Ambu-  Unity Game Systems (San Francis- Koutitas et al, 2019 [23]
lance Bus Systems co, CA)

Tensor Flow Artificia intelligence android app ~ Google (Mountain View, CA) Apiratwarakul et a, 2022 [33]

for assistance with casualty detec-
tion

Juxtopia CAMMRAD PREPARE - Apn for training in BLS? procedures

Juxtopia AR systems (Baltimore,
MD)

Collington, 2018 [26]

M Cl: mass casualty incident.
bBLS: basic life support.

Applications

AR as CDS Tools

A total of 6 studies examined AR-based real-time decision
support in the prehospital setting. Rebol et a [22] investigated
AR-based real-time feedback for adult cardiopulmonary
resuscitation (CPR). They found no significant difference in
CPR quality in non—health care university students receiving
real-time mixed reality—based feedback on performance as
compared with students receiving feedback via standard video
conference. Barcala-Fureloset a [27] investigated an AR-based
intervention aimed at guiding lifeguards assisting in imminent
childbirth situations. They found significantly higher adherence
to out-of-hospital birth protocolsin the AR-intervention group
than in the control group (P<.05 for all protocol variables).
Follmann et al [28] found that real-time AR-based guidance in
mass casualty incident (MCI) triage led to a significant
improvement in triage accuracy over the control group, which
performed triage without AR assistance (P=.04). A similar result
was found by Follman et a [31], which examined the effect of
AR support on MCI triage time and accuracy; they found that
triage time was significantly reduced in the control group
(P<.001) but found no difference in triage accuracy between
groups. Apiratwarakul et a [33] employed an AR intervention
for assistance in casualty identification; results demonstrated a
decreased timeto completion of casualty count inthe AR group
(P<.05) but no significant difference in accuracy. Glick et al
[35] investigated real-time AR-based guidance for medical
studentsin performing achest thoracotomy and found that expert
rating of procedure quality was significantly improved in the
AR group (P=.004).

AR as Training Tools

A total of 7 studies examined the utility of AR for education
and training in the prehospital setting. Two studies (Doswell et
al [25] and Collington et a [26]) investigated AR-augmented
training for BL S procedures such as Narcan administration and
tourniquet application. Doswell et a [25] found no significant
difference in procedure time and accuracy between the AR
training group and control group; Collington et al [26] showed
anincreasein self-reported skills proficiency inthe AR training

https://xr.jmir.org/2025/1/e66222

group (mean 2.2, SD 1.03) but no significant difference in
clinical proficiency. One study [34] examined the efficacy of
an AR-based training module on performing advanced life
support procedures, including needle chest decompression,
direct intravenous placement, and cricothyroidotomy, but found
no significant differencein procedure performance between the
AR and standard training groups. One study [23] demonstrated
that an AR-based training module for familiarization with an
AmBus system led to a10% reduction in timeto task completion
(involving finding objects on the AmBus) and 34% reduction
in errors than the group receiving standard audiovisual-based
training. Two studies (Du et a [29] and Follman et al [31])
examined AR-based training for tactical combat casualty care
(TCCC) and MCl triage. Du et a [29], which examined TCCC
knowledge gain based on pre and posttraining tests, found no
significant performance difference between the AR-based
training group and the control group.

A total of 3 studies (Gruenerbl et a [24], Aranda-Garcia et a
[30], and Hou et al [32]) specifically examined the performance
of adult CPR following AR-based training modules. Two of the
3 studies (Gruenerbl et al [24]; Aranda-Garciaet al [30]) found
significant improvement in aspects of CPR performance
following AR intervention. They demonstrated a significantly
improved percentage of time spent performing chest
compressions at the correct depth and rate among nursing
students receiving AR-based instruction as compared with
standard teaching (P<.001, F=14.85). Aranda-Garciaet a [30]
demonstrated significant improvement in the percentage of chest
compressions performed with adequate chest recoil (P=.008)
among health sciences and nursing studentsreceiving AR-based
instruction as compared with control; however, they did not
find a significant difference in other metrics. Hou found no
significant difference in CPR performance (chest compression
rate and depth) receiving AR-based training as compared with
instructor-led training.

Risk of Bias Analysis

Risk of bias of studieswas assessed via Cochrane'srisk of bias
tool, which examined parametersincluding sampling technique,
adequacy of randomization, reliability of outcome measures,
and statistical power (Multimedia Appendix 3). Overal, the
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quality of the included studies was judged to be high. Each of
the 14 studies was examined on a manuscript level with
consensus reached between 8 independent reviewers. All 14
studies were determined to have a randomized design, with 10
comprising full RCTs and 4 having a crossover design. Most
studies were found to have adeguate randomization
methodol ogy, sSimilar baseline participant characteristics, reliable
outcome measures, and a participant dropout rate below 20%.
Two of the 14 studieswere recorded aslacking sufficient sample
size to achieve 80% power with one recorded as “unable to be
determined.”

Discussion

Principal Findings

This systematic review sought to examine the application of
AR to emergency medical care in the prehospital setting, with
the primary objective of evaluating the efficacy or effectiveness
of AR appsinimproving patient outcomes, care processes, and
learning outcomes. Of the 14 studies analyzed in this systematic
review, the mgjority demonstrated a significant improvement
in desired outcomes with the integration of AR into their
workflow, suggesting that AR may have avaluableroleto play
in enhancing the quality of prehospital care.

AR asCDSTools

Studies investigating the utility of AR in providing real-time
CDS demonstrated a significant improvement in at least 1
outcome. AR interventions are especially effectivein providing
real-time decision support for MCIl scenarios, enhancing both
the accuracy and efficiency of triage procedures and casualty
counts. AR-based remote guidanceimproved procedure quality
for fully-trained medical students performing simulated chest
thoracotomy procedures, as well as for laypeople responding
to simulated childbirth. These results suggest that AR may have
animportant roleto play inimproving medical control for EMS,
as AR-based feedback and guidance could greatly enhance
decision-making for prehospital care providers as compared
with traditional audio feedback [36-38]. Results of these studies
also suggest that AR may serve a vital purpose in tactical
emergency medicine scenarios, including military and law
enforcement operationsthat could benefit from remote guidance
in high-acuity scenarios [35,39]. Future research could
investigate AR integration into tactical emergency medicine
scenarios, such as SWAT team activations.

It is also important to note the potential integration of AR with
other emerging technologies, such as artificial intelligence
algorithms, which could further enhance decision support by
providing  predictive  anaytics and  personalized
recommendations [13,40,41]. Combining AR with wearable
biometric sensors could offer real-time monitoring of vital signs,
providing a context-aware decision support system that enhances
situational awareness and operational efficiency [10].

https://xr.jmir.org/2025/1/e66222
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AR asTraining Tools

With regards to education and training, 2 of the 4 studies
examining the benefit of AR in augmenting CPR training
demonstrated significant improvement in CPR quality following
AR intervention. These findings suggest that it may befeasible
to integrate AR into CPR training. The study by Koutitas et a
[23], which examined an AR-based training module for
familiarization with AmBus systems aso demonstrated
improved task completion and enhanced comfort and familiarity
with the vehicle in the AR intervention group, suggesting that
AR may prove a useful adjunct to EMS companiesin training
new hires. Notably, some studies, that examined AR intervention
in prehospital education and training modules for skills
including, CPR, BLS, advanced life support procedures, and
TCCC, showed no difference in performance with AR
intervention. It is possible that some of these tasks, which
involve a significant number of hands-on skills, were more
difficult to adapt from in-person instruction to AR-based
training. Future research could more thoroughly explore
discrepancies in AR-based training modules among various
prehospital clinical skills[42]. Furthermore, the scalability of
AR training modules offers a significant advantage for
widespread training initiatives, allowing consistent and
repeatable training experiences across different geographical
locations. This scalability is particularly beneficial for remote
and underserved areas where access to high-quality training
resourcesis limited.

Challenges of AR Technology

Overall satisfaction with AR platforms was high across the 14
studies; manuscriptsthat solicited user feedback found that most
participants reported positive perceptions of the technology.
Several common concerns emerged from this user feedback.
These common concerns are summarized in Table 4.

Of greatest concern was user comfort as well as occasional
unpleasant side effects associated with the use of AR. Several
manuscripts indicated that wearable interventions, particularly
those including headsets, were not compatible with participants
who wore prescription eyeglasses. Additionally, some reported
participants experiencing side effects after AR use, including
dizziness, headache, and nausea. This constellation of adverse
effectsis collectively known as “cybersickness [43],” and has
been demonstrated to impact AR, mixed reality, and virtual
reality users, particularly those who are susceptible to motion
sickness [44]. Future research into AR should factor
cybersickness risk into study design and look to mitigate side
effects. Other common concerns included the costs associated
with both the purchase and maintenance of AR platforms[45],
aswell asinconsistent user interface and frequent technol ogical
glitches[46]. Addressing these concernsrequiresamulti-faceted
approach [47,48]. Collaborations with manufacturers, health
care providers, and end users will be crucial in creating AR
systems that are not only effective but also user-friendly and
economically viable [9,12]. Additionally, ongoing education
and support for users can help mitigate some of the initial
discomfort and resistance to new technology [49].
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Table. Summary of common concernsrelated to augmented reality (AR) usein prehospital care, including user comfort, user interfaceissues, information

technology (IT) challenges, and cost.

Concern Source
User comfort «  Headgear uncomfortable or disruptive to workflow, causes unpleasant
sideeffects (Rebol et al, 2023 [22]; Doswell et a, 2020 [25]; Follman
et al, 2019 [28]; Du et a, 2022 [29]; Follman et a, 2021 [31]; Hou
et al, 2022 [32])
« AR implicated: HoloLens, Google Glass, Moverio
User interface «  Userinterface confusing or difficult to use or requires steep learning
curve (Follman et al, 2021 [31]; Glick et al, 2021 [35])
« AR implicated: HoloL ens, ReconJet
IT issues «  Poor battery life, screen glitching, application freezing (Rebol et al,
2023 [22]; Barcala-Furelos et a, 2023 [27]; Aranda-Garciaet d,
2024 [30]; Follman et a, 2021 [31])
« AR implicated: HoloL ens, ReconJet, Vuzix
Cost «  High cost of materials, setup, and maintenance (Du et al, 2022 [29])

« ARimplicated: HTC VivePro

Limitations and Future Directions

This systematic review had several limitations. First, many of
the included studies were of small sample size. Most studies
included under 50 participants, with several included 10 or
fewer, which may result in some included studies being
underpowered. It is not unusua for studies investigating
expensive technologies in potentially cumbersome settings to
by necessity include small numbers; however, future research
can prioritize adequate sample sizes to ensure robust statistical
analyses. Second, our review compared studies with variable
outcomes and statistical methodol ogy and thus was not able to
examine data in aggregate. A potential next step would be to
conduct a metaranalysis of AR interventions in specific
emergency prehospital applications, such as CPR training or
MCI triage. Third, thisreview only included studies of AR apps
in the prehospital care of adults. Future research will include
inquiries into applications of AR for use with pediatric

populations. Finally, a main limitation of our search approach
was the potential for missed manuscripts due to not features
like MeSH headers in PubMed. However, the use of broad
search terms across multiple databases helped mitigate this
limitation.

Conclusion

This systematic review shows the promising role of AR
technology in enhancing the efficacy of prehospital emergency
care. The analyzed studies, involving a total of 14 RCTs
demonstrate that AR may enhance clinical decision-making and
training modalities within prehospital settings. These
improvements are crucial in high-stakes environments where
rapid and accurate response is essential. Challenges related to
technology integration, cost, and user acceptance remain.
Addressing these barriers and conducting further research will
bevital for realizing the full potential of AR in prehospital care
delivery.
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Abstract

Background: Multidisciplinary team (MDT) meetings are one of the facilitators that enhance knowledge sharing among health
care professionals. However, organizing a face-to-face MDT meeting to discuss patient treatment plans can be time-consuming.
Virtual reality software iswidely used in health care nowadays to save time and protect lives. Therefore, the use of virtual reality
multidisciplinary team (VRMDT) meeting software may help enhance knowledge sharing between health care professionals and
make meetings more efficient.

Objective: The objectives of this study were to introduce VRMDT software for enhancing knowledge sharing and to evaluate
the feasibility and usability of the VRMDT for use by professionalsin health care institutions.

Methods: We invited participants from The University of Manchester Faculty for Biology, Medicine, and Health who had a
health care background. Asthiswasthefirst stage of software devel opment, individualswho did not usually attend MDT meetings
were also invited viaemail to participatein this study. Participants evaluated VRMDT using aMeta Quest 3 headset, and software
developed using the Unity platform. The software contained an onboarding tutorial that taught the participants how to select
items, load and rotate 3D Digita Imaging and Communications in Medicine files, talk to a generative artificia
intelligence—supported avatar, and make notes. After the evaluation (approximately 15 min), participants received an electronic
survey using the Qualtrics survey tool (Qualtrics International Inc) to score the usability and feasibility of the software by
responding to the 10-item system usability scale, and 12-point heuristic evaluation questions with Neilsen severity rating.

Results: A total of 12 participants, including 4 health informatics, 3 with anursing background, 2 medical doctors, 1 radiologist,
and 2 biostatisticians, participated in the study. The most common age bracket of participants was 20 - 30 years (6/12, 50%).
Most of the respondents had no experience with virtual reality, either in educational or entertainment settings. The VRMDT
received a mean usability score of 72.7 (range between 68 and 80.3), earning an overall “good” rating grade. The mean score of
single items in the heuristic evaluation questionnaires was less than 1 out of 4 (the overall mean was 0.6), which indicates that
only minor problems were encountered when using this software. Overall, the participant’s feedback was good with highlighted
issues including a poor internet connection and the quality of the generative artificial intelligence response.

Conclusions:. VRMDT software (developed by Sentira*) was developed with several functions aimed at helping health care
professionals to discuss medical conditions efficiently. Participants found that the VRMDT is a powerful, and useful tool for
enhancing knowledge sharing among professionals who are involved in MDT meetings due to its functionality and multiuser
interactive environments. Additionally, there may be the possibility of using it to train junior professionals to interpret medical
reports.

(IMIR XR Spatial Comput 2025;2:e60651) doi:10.2196/60651

https://xr.jmir.org/2025/1/e60651 JMIR XR Spatial Comput 2025 | vol. 2 | 60651 | p.79
(page number not for citation purposes)


http://dx.doi.org/10.2196/60651
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

KEYWORDS

Almashmoum et al

knowledge sharing; multidisciplinary team meetings; artificial intelligence; heuristic evaluation; usability; virtua redlity; VR;

simulation; virtual environments; digital environments

Introduction

Overview

The United Kingdom'’s health care sector is facing significant
pressures from increased patient demands and workforce supply
issues. A need for efficiently connected health care employees
isimportant for sharing knowledge and it is an integral part of
knowledge management. During COVID-19, communication
across sectors moved towards web-based communication
methods[1-3], such asvideoconferencing (eg, Microsoft Teams
and Zoom), which helped to protect the lives of patients and
staff [3-5]. To maintain knowledge-sharing practices among
professionals, there are several professiona digital communities
[6,7]. The purpose of these professional digital communitiesis
to get professionals with common expertise to share their
knowledge without considering geographical barriers[6]. Virtua
multidisciplinary team (MDT) meetings have been shown to
have avisible rolein maintai ning communication among cancer
care professionalsto discuss, follow up, and set clear treatment
plans [8]. Additionally, it has been shown to improve cancer
patients' outcomes [9-13]. Traditional face-to-face methods of
MDT have drawbacks that limit attendance including lack of
time and funding [8]. Introducing new technology for
communication has benefits, although there are al so drawbacks
such as reliance on bandwidth, increased conversation time,
and loss of gesture communication that can be difficult
compared with traditional methods, thereby directly affecting
good decision-making [14,15].

The use of videoconferencing has surged as a communication
method during and post-COVID, although it has limitations
including the inability for natural F-2-F interaction due to the
participants only seeing a video image. Additionally, smooth
and stable internet network is required to ensure that video
conferencing runs smoothly. Moreover, the inability to show
3D images compared with thevirtual reality (VR) toolsmay be
a distinct disadvantage [16]. As a result, the existence of a
powerful web-based tool that simulatesareal environment may
have benefits. VR and augmented reality areincreasingly being
used in the medical field both for training and as a procedural
ad [17]. VR is defined as “a three-dimensional
computer-generated simulated environment, which attemptsto
replicate real world or imaginary environments and interactions,
thereby supporting work, education, recreation, and health”
[3,18]. In addition, the user can interact with avatars using
generative artificia intelligence (Al) supported natural language
processing (NLP) which further enhances the realism of the
experience. It requires head-mounted displays, and either hand
controllers or hand tracking in order to perform practical
procedures [19]. The sense of presence is one of the key
characteristics of VR that makes it different from other
communication mediums [14]. The use of VR applicationsin
the health care market has grown massively in recent years. In
2022, the VR health care market reached over US $2.3 hillion
worldwide, with 171 million VR users [20].

https://xr.jmir.org/2025/1/e60651

VR in health care has severa benefits, such as facilitating
training, education, and the development of technical skills.
Additionally, VR is being used for a variety of purposes,
including surgery and treatment, training, and patient therapy
and rehabilitation [21]. Kyaw et al [22], illustrated that using
VR applicationsimproves professionals' skills, and knowledge
compared with face-to-face communication and web-based
digital education. In particular, it has the ability to negate the
need for face-to-face contact, while maintaining the illusion of
being with colleagues in the real world [23].

There are severa factors that affect knowledge sharing in the
medical imaging department at cancer centers, which aresimilar
to those in most health care sectors [24]. MDTs are considered
important departmental facilitators that enhance knowledge
sharing among health care professionals [24]. MDT is
considered a pillar of the best practices in cancer canters and
plays an important role in cancer Treatment [25]. The United
Kingdom's National Health Service definition of MDT is “a
group of professionals from one or more clinical disciplines
who together make decisions regarding the recommended
treatment of individual patients’ [26]. MDT in cancer centers
is defined as the collaboration of several hedlth care
professionals in different fields engaged in the treatment of
cancer with the overall objective of enhancing the rate of
interpreting treatments of cancer patients, and patient care
[13,26]. Cancer centers began to use a multidisciplinary
approach in the mid-1980s, and by the 1990s, theMDT meeting
was introduced as an instrument for providing coordinated,
collaborative care, which allow a broader range of opinionson
treatment plans [13,27]. In addition, it provides training for
junior health care professionals. However, there are severd
barriers that contribute to not attending those meetings as per
policy recommendations. These include time constraints, lack
of departmental arrangements, geographical barriers among
health care professional's, and shortage of staff [13].

In health careingtitutions, implementing new interventions such
as VR among health care professionals may overcome current
barriers and enhance knowledge-sharing practices to increase
patients' outcomes and minimize medical mistakes. However,
there are several challenges to implementing VR as a
communication tool, including providing evidence that these
technologies can save time, increase productivity, and reduce
carbon footprint, without adding significant hardware costsand
training time [28-30]. The aim of this research is to introduce
new technology and perform a usability study of VR in MDT
to investigate the feasibility and usability of using VR in cancer
health care meetings.

Objectives

In this study, we developed a virtual reality multidisciplinary
teem (VRMDT) for enhancing communication with
professional's, which was evaluated in terms of its usability by
professionals from a variety of backgrounds.
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The aim of this study was to investigate the usability of newly
developed VRMDT software that helps gather health
professionals in a 3D immersive environment to aid
communication and set a clear treatment plan for the cancer
patient. The objectives of this study were:

« Tointroduce VRMDT softwareto health care professionals.

- Evaluate the usahility, feasibility, and efficacy of VRMDT
by applying the System Usability Scale (SUS), and
identifying the problems with the user interface by using a
heuristic evaluation questionnaire.

« ldentify the strengths and weaknesses of using VRMDT.

- Determine if this technology has the potential to increase
the number of MDT meetingsin cancer centerslocaly and
internationally.

« Increase awareness of using VR technology among health
care professionals in cancer centers.

Methods

An Overview of VRMDT Software

The software was designed by our University of Manchester
research team and developed using the Unity platform by
Sentira*R [31], which is a University of Manchester spinout
that uses VR and generative Al NLPto create authentic training
simulations for health care professionals and other disciplines.
The designs of the VRMDT comprise:

« Anonboarding section for those not familiar with VR.

«  Optionsto select ahealth care uniform of varying color and
add the name to be displayed above the head of each user’'s
avatar.

« 3D VR mesting room with round table.

« Ability to display a 3D Digital Imaging and
Communicationsin Medicine (DICOM) scan imagein the
middle of the virtual table to allow 3D visualization.
Additionally, there is a screen in front of each user to few
the DICOM imagesin atraditional 2D mode.

« A whiteboard for writing notes and drawing images.

« A laser pointer beside each user for pointing to specific
locations on the 3D DICOM images.

« Aninteractive avatar that uses generative Al NLPto provide
answers to questions from users in the room related to the
patient’s scans, condition, and patient history.

« A master control panel where patient DICOM images can
be selected.

The VRMDT (Figure 1) is designed to alow hedth care
professionals to treatment plan anywhere and at any time. To
run the VRMDT simulation, a reasonable Wi-Fi connection
(=10 Mbps), head-mounted display, and controllersare required.

https://xr.jmir.org/2025/1/e60651
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Before entering the MDT room, the user had the option to
undertake an onboarding scenario that introduced themto basic
functionality such as picking up objects, talking to the avatar,
selecting DICOM files, and making notes on awhiteboard. The
user can then begin the simulation first by typing in their
username (displayed over the head of their avatar) and selecting
their outfit's color (Figure 2). In the VRMDT software, there
is a round table fitting 10 users with a control screen that
contains the setting options, selecting the patient DICOM files,
and the option to move the control panel to another user.
Another screen availableto all 10 users displaysthe traditional
2D DICOM images for cancer patients (Figure 3B).
Additionally, the meeting room contains a whiteboard to allow
the user to make notes or draw diagrams (Figure 4B). In the
middle of the meeting table, the 3D DICOM (Figure 4A) images
appear with the facilities to rotate the images on the x-axis to
help show any tumors or lesions. A laser pointer is available to
each participant to help highlight a region on the 3D image
(Figure 3A). DICOM images were retrieved from The Cancer
Imaging Archivewhich are accessiblefor the public to download
and use without ethical approval. The time zones for both the
United Kingdom and Kuwait are displayed on the wall of the
meeting room.

Generative Al NLP used the InWorld platform [32]. Voice
cloning (voice of MA cloned) uses Eleven L abs softwarewhich
issupported by InWorld [32,33]. Patient information and avatar
background details were entered into InWorld and quality
assurance was conducted to ensure that the responses from the
generative Al NLP had an accuracy of 95% or greater. The
generative Al NLP-supported avatar was placed in the meeting
room (Figure 5) and allowed the user to ask questionsregarding
the medical condition of the patients. The Photon platform was
used to allow usersto speak with each other asthey would with
any teleconference software [34]. The purpose of the
Al-supported avatar was to provide the MDT with specific
details on each of the patients, such as name, age, status of the
medical condition, medications, chemotherapy/radiotherapy
received, response to treatments/medications, bloodwork, and
patient concerns. Providing patient information via an avatar,
removed the need for reading extensive text notes which is not
ideal in aVR environment due to reduced visual resolution and
an increased risk of cybersickness. It also alowed for one or
more of the MDT to be absent and still provide the information.

For the implantation, the software required a direct connection
with the Picture and Archiving and Communication System to
visualize patient images. Additionally, the VRMDT contains
instructions voiced over to guide the user throughout testing
the software.
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Figure 1. The environment of the virtual reality multidisciplinary team software.

Figure 2. “On boarding” interface page for selection of the outfits, and the info that will appear on the user (such as name).
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Figure 3. (A) Two screens. a controlled screen and a screen to display the traditional 2D scan images. (B) Laser pointer.

Figure4. (A) The 3D Digita Imaging and Communicationsin Medicine (DICOM) images and (B) awhiteboard.
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Figureb5. Interactive avatar.

Participants Asthiswasthefirst stage of software development, participants
who were not routinely involved in MDTswere also invited to

To be eligiblefor participation in this study, the participant had  eyaluate the software.

to have a health care background, with those recruited being

postgraduate students and staff at The University of Manchester. Participants were recruited viaemail with theinclusion criteria

as provided in Textbox 1.
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Textbox 1. Inclusion and exclusion criteria.

Almashmoum et al

Inclusion criteria
«  Postgraduate students and staff at the University of Manchester.
e 2lyearsor older.
« Any gender.

Health care professionals who are involved in multidisciplinary teams.
Willing to provide informed consent.

English speakers.

Exclusion criteria
L]
N

People who are unwilling to wear a VR headset.

Health care professional background (including but not limited to doctors, nurses, and radiol ogists).

No pre-existing conditions that may cause discomfort or distress in avirtual reality (VR) environment.

People who do not read, speak or understand English, because the software isin English only.

People who had a pre-existing condition that may cause discomfort or distressin a VR environment

Instruments

Validated usability and utility questionnaireswere used to assess
the simulation’s efficacy, efficiency, and user pleasure [35].
Two methods were used to assess the usability evaluation:
10-item SUS, and 12-item heuristic evaluation questionnaires
[36,37]. Upon completion of the tria, the SUS and heuristic
guestionnaire links were email ed to the participant to complete
in their own time in Multimedia Appendix 1. The survey was
built using the Qualtrics survey tool [38]. Participants were
asked to assess the software based on 10-point scales [36] and
answer statements using a 5-point Likert [36,39-46]. The SUS
was selected as it is suitable method when applied to a small
sample size (N less than 14) [39]. Questions 1, 3, 5, 7, and 9
are positive, whereas questions 2, 4, 6, 8, and 10 are negative.
The 10 connected questions provide afull review of a product.
The SUSyields a score between 0 and 100 [47]. A higher SUS
score is associated with greater product usability.

To evaluate the user interface, and identify problems with the
software, heuristic evaluation was used [37]. There are severa
heuristic evaluation questionnaires used to assess
human-computer interaction [37,48,49]. In this study, we used
the heuristic evaluation questionnaire based on Sutcliffe and
Gault’s heuristic evaluation of VR apps [37]. It consists of 12
heuristic items, including natural engagement, compatibility
with the user’s tasks and domain, natural expression of action,
close coordination of actions and representation, realistic
feedback, faithful viewpoints, navigation and orientation
support, clear entry and exit points, consistent departures,
support for learning, clear turn-taking, and sense of presence.

Our survey was an open survey (no password required) based
on several previous VR usability studies but modified slightly

https://xr.jmir.org/2025/1/e60651

to align with our simulation [36,37]. The survey was checked
by 10 individuals with a health care background to ensure it
was easy to understand. In addition to the SUS questions and
heuristic evaluations, we aso collected information on
demographics.

Procedure

At the beginning of the evaluation, participants were given a
brief introduction to the project and shown how to use the VR
headset and controllers. For those new to VR, an onboarding
section was avalable. The overall evaluation ran for
approximately 10 to 15 minutes. If there was more than 1
participant present at the same time, we allowed them to trail
the software together so that they could see and interact with
each other through the VRMDT. For those who eval uated solo,
one of the devel opment team would join them in the simulation
so they could experience multiuser functionality. The
participants were emailed the survey to complete within a 2
week time frame with a reminder sent after this period.
Evaluationswere conducted between February and March 2024).
All sessions are located at The University of Manchester in a
dedicated VR lab.

Data I nterpretation

The results are interpreted as a grade for the SUS and a mean
for the heuristic evaluation. To provide the grade of the SUS,
there are 4 ratings for SUS interoperation: excellent (score
greater than 80), good (69 - 80.3), okay (score equal to 68),
poor (51-68), and awful (less than 51) [36]. For the heuristic
evaluation, each item wasrated for severity using Nielsen scale
(no problem=0, cosmetic problem=1, minor problem=2, major
problem=3, and catastrophe=4), asshownin Table 1[47]. Only
completed questionnaires were included in the final results.
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Table. Nielson severity rating [48].

Almashmoum et al

Rating

Definition

Don't Agree

Cosmetic problem

Minor problem

Major problem

Catastrophic

| do not agree that thisis a usability problem at al (there are no problems
with usability)

Needs not to be fixed unless extratime is available on the project (if there
istime, aesthetic issue that only has to be fixed).

Fixing this should be given low priority (alow priority for aminor usabil-
ity problem).

Important fix required that should be given high priority (major usability
problems, must be fixed right away)

Imperative to fix this before product can be released.

Data Analysis

The final data were analyzed by entraining it into an Excel
spreadsheet where the SUS score was calculated and the rate
of the severity of each heuristic item based on the Nielsen
severity scale for each item. The SUS questionnaire consisted
of 10 questions. The score of SUSwas cal culated by adding the
odd questions minus 5 and 25 minus the even number then
multiplied by 2.5 [36]. On the other hand, the rate of heuristic
severity was cal culated by adding the number of statementsand
accepting thefirst statement which isno problem becauseit has
zero value [37].

Ethical Considerations

The main purpose of this study is an anonymized eval uation of
the VRMDT software in terms of its usability and utility.
Therefore, the University of Manchester web-based ethics tool

Table. Demographics characteristics of the respondents (N=12).

and the School of Health Sciences ethics representative
confirmed that ethical approval was not required for this study.
Consent was obtained from all participants that required them
to sign a consent form. Anonymized responses were securely
saved using the Qualtrics database.

Results

Participants

A total of 12 participants from a variety of health care fields
were recruited (8/12, 67% female; 4/12, 33% male) with half
of the participants being between 20 and 30 years of age (6/12,
50%). Most of the volunteers had a doctorate degree (8/12,
67%), with 4 having experience in health informatics. Most of
the participants had no experience using VR before the
evaluation. The demographic characteristics of the respondents
are shown in Table 2.

Characteristics

Values, n (%)

Sex
Female
Male
Age group (years)
20-30
30-40
50-60
Highest education level
Master degree
Doctorate degree
Background
Nursing
Radiologist
Health Informatics
Medicine
Biostatistics

8 (67)
4(33)

6 (50)
5 (42)
1(8)

8 (67)
4(33)

3(25)
1(8)

4(33)
2(17)
2(17)
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Usability (SUS Questionnaires)

A total of 67% (n=8) of participants gave SUS scores greater
than or equal to 68. Four (33%) of the participants scored “ Poor”
with the VRMDT, with the SUS score rate less than 62. The
total mean scorewas 72.7, resulting in an overall “ Good” rating.
The SUS scores for the respondents are shown in Table 3.

Multimedia Appendix 2 presents the interpretation of the SUS.
Based on the SUS items, the participants indicated that the

Almashmoum et al

software was easy to learn how to use, with a mean score of
4.1. The highest scorewas given to theitem “I found the various
functionsin this software were well integrated (eg, whiteboard,
and DICOM images)” with a mean score of 4.25. In contrast,
the lowest score was given to the item “1 thought there was too
much inconsistency in this software” with a mean score of 1.5
where low scores are an indicator of better consistency.

Table. System Usability Scale (SUS) scores for respondents. Average=72.7 (Good).

Respondents Results
X0? YoP Sus Grade®

1 19 15 85 A
2 17 17 85 A
3 17 12 725 B
4 12 19 775 B
5 16 9 62.5 D
6 7 14 52.5 D
7 16 19 87.5 A
8 14 14 70 B
9 14 9 575 D
10 11 10 52.5 D
11 18 16 85 A
12 18 16 85 A

#The total odd SUS questions-5.
b25_the total even SUS questions.

®Sum of X0and YO x 2.5 (A=Excellent, B=Good, C=0Okay, D=Paor, and F=Awful).

Heuristic Evaluation

The participants rated the severity of each heuristic item based
on Nielsen severity scale. Theresults of theseratings are shown
in Table 4. The value of thefirst severity scale “no problem” is
zero, so it was not counted. We estimated the number and
severity of reported problems for each item. For example, we
received 3 statements that indicated the minor problemsfor the

https://xr.jmir.org/2025/1/e60651

RenderX

first item “natural engagement,” 1 for the major problem, and
2 for the cosmetic problem. The total score was calculated by
adding each heuristic item. All the items had a usability score
of lessthan 12, with a mean score of lessthan 2. Thisindicated
well-functioning software.

The summary rate is shown in Table 5. One of the respondents
reported 32 problems and 3 indicated no problems at all based
on 12 heuristic items.
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Table. Heuristics evaluation for each item with Nielson severity rating.

Number of items Nielsen severity rating
of the heuristics
No problem (0) Cosmetic prob- Minor problem  Major problem  Catastrophe (4)  Tota Mean
lem (1) %) (©)
1. Natural en- 9 0 2 1 0 3 0.7
gagement
2. Compatibility 6 2 2 2 0 6 15
with the user’'s
task
3.Naturd express 6 2 3 0 1 6 15
sion of action
4. Closecoordi- 8 2 0 1 1 4 1
nation
5. Redlisticfeed- 87 2 1 2 0 5 12
back
6. Faithful view- 10 0 2 0 0 2 05
point
7. Navigation 10 1 0 1 0 2 05
and orientation
support
8. Clear entry 9 1 1 1 0 3 0.7
and exit point
9.Consistentde- 8 3 1 0 0 4 1
partures
10. Support for 7 0 4 1 0 5 12
learning
11. Clear turn 11 0 0 1 0 1 0.2
12. Sense of 8 1 2 1 0 4 1
presence
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Table. Heuristics evaluation with Nielson severity rating for each respondent (resp).

Number Respondents scores
of items
of the
heuris-
tics

Resp.l Resp.2 Resp3 Respd Resp5 Resp.6

1. Natu- O 0 0 2 3 0
ra en-

gage-
ment

2.Com- O 2 0 0 2 3
patibili-

ty with

the us-

er'stask

3.Natu- O 1 0 0 4 2
ral ex-

pression

of ac-

tion

4.Close 1 0 0 0 4 0
coordina
tion

5.Redis 0 0 0 2 3 0
tic feed-
back

6. Faith- 2 0 0 0 0 0
ful view-
point

7.Navi- 0 0 0 1 0 0
gation

and ori-

entation

support

8. Clear O 0 0 2 0 0
entry

and exit

point.

9.Con- O 1 0 1 0 0
sistent

depar-

tures

10.Sup- 2 0 0 2 0 0
port for
learning

11. 0 0 0 0 0 0
Clear
turn

12. 0 0 0 2 0 2
Senseof
presence

Total 5 4 0 12 8 7

Resp.7 Resp.8 Resp.9 Resp.l0 Resp.ll Resp.l2 Tota
0 2 0 0 0 0 05

3 32 0 6 6 0 0.6

Discussion

Principal Findings
The findings of this study provide valuable insight into the
current usability and futureimprovementsof VRMDT software.

https://xr.jmir.org/2025/1/e60651
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Previous research into VR meeting rooms indicates that they
may be an efficient tool for improving communication during
the planning of patient treatments [50]. Kirchgessner et al [51]
illustrated that VR meeting rooms are more motivational than
traditional technol ogies such as Zoom. Our work supported this
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with participant comments mentioning that presenting DICOM
imagesin both 2D and 3D formats made the VR meeting more
efficient than standard videoconferences with, respondent (D)
mentioning “Being able to view imagesin 3D is the best thing
about the VR software.”

Our results found that the VRMDT software had adequate
usability, with amean SUS of 72.7, whichis classed as* Good”
as an overall interoperation. Most of the participants indicated
that the simulation does not require intensive training to use it,
suggesting that the inbuilt onboarding software is sufficient for
training purposes, the respondent (C) said that “ Browsing menus
was simple and they were easy to use. Viewing DICOM images
was intuitive” Thisisimportant for any health care institution
as it will reduce the impact on existing training budgets and
trainer time. Additionally, most of the respondents indicated
that the software contains several useful functions, such as 2D
and 3D DICOM views, a whiteboard, and an avatar that
responds naturally to questions. These results suggest our
software has clear advantages compared with conventional
teleconferences. Another positive feedback was that the
immersive 3D meeting room environment helped users feel as
though they werein areal-world meeting. It isworth mentioning
that a low score (mean=1.5) was given to the item “1 thought
there was too much inconsistency in this software” which
indicated that the software was more relevant to its am and
objectives, and it performed well. The heuristic evaluation
method indicated that the VRMDT has a good user interface
with alow number of reported issues.

User Experience

Participant feedback highlighted afew areas for improvement.
Respondent (A) illustrated that “The reason why | indicated
there were some problems was due to the internet connection
not being stable, which sometimes led to lagging and the Al
avatar being slow to respond,” and another respondent (B) said
that “Software has potential but requires good Wi-Fi
connection.” Therefore, one of the major issues indicated by
most of the users was the poor internet connection, which
effected the sense of presence and interaction with some
functionality. Additionally, theinternet connection effected the
interaction with the avatar which resulted in delayed responses
to questions. Thiswas an issue with the eval uation room which
received a poor internet signal and was not an issue with the
software. The other issue was related to the avatar. The
respondents mentioned that the Al needed to be further
developed to respond to more specific clinical questions other
than age, general treatment, and health conditions. Additionally,
it should be designed to respond to any questionswith different
accent words, the respondent (C) said that “It also struggled
with my accent for certain words.”

On the other hand, most of the respondents indicated that
VRMDT was a powerful tool for sharing knowledge digitally
compared with the other mediums because it contains several
functions that make the environment immersive and very close
to reality. Respondent (A) said that “it felt very futuristic, and
| feel it will play an important role in future trans-geographical
meetings.” Therefore, this software would be agood alternative
tool in the future when face-to-face communication is not

https://xr.jmir.org/2025/1/e60651
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possible. Additionally, it was suggested that VRMDT may be
an alternative tool for training and ng the knowledge of
junior professionalsinstead of in-person training. In the future,
| would like to update the software by adding several functions
that help in upgrading the current software. For instance, the
meeting room will be secure under each hospital’s policies. In
addition, those who have permission to enter thisroom can join
thismeeting after theinvitation occurs. Moreover, It will contain
the digital library, which contains the files and information
about the casesthat you want to make decisionsregarding those
Cases.

Overall, the simulation wasidentified asapowerful tool for VR
clinical meetings. In particular, it contained afunctionality that
allowed usersto view both 3D and 2D DICOM images. While
thishas a so been devel oped for off-the-shelf software (eg, [52]),
the other software does not cater to a larger number of users
generaly seen at clinical meetings and lacks additional
functionality such asawhiteboard, laser pointer, and Al-assisted
avatar. Indeed, the avatar asan Al assistant was generally found
to be very helpful in answering questions regarding the patients
condition and was found to elevate the usability of the VR
meeting. Previous independent work has suggested that
cybersicknessis an issue for some users[29,30,53]. That issue
was not indicated in the user’'s feedback from our study. The
reasons for cybersickness not being an issue may include that
the simulation was developed so the user can remain seated,
which reduces excessive body movement both in real life and
the simulation and provides a comfortable body position.
Second, the headsets were modern (M eta Quest 3'swith battery
strap) and had a high frame rate (90 Hz), with a wide field of
view (110°H x 96°V), which aso helps reduce the risk of
sickness. The Quest 3 headset is aso reasonably priced (£480;
US $596) and easy to set up and use, making it a cost-scalable
solution. We &l so found that the software was usablein the Meta
Quest 2 without significant loss in performance, with this
headset being a much cheaper option (£200; US $249.45).
Overall, the hardware experience was good, with users finding
the headset very light on their head, and the controllers easy to
use. As a first-time exposure to VR, the majority found the
experience “amazing” enough that they recommended its
implementation for future VR meetings.

Limitation and Future Studies

This study has severa limitations that are worth documenting,
and which we will consider for future developments. First, the
VRMDT software was evaluated by a small number of health
care professionals. Second, most of the volunteers were
researchers, and many were from the health informatics field.
Third, we encountered another issue that the evaluation took
placein aroom that had apoor internet connection. That limited
the testing of the software efficiently, particularly the avatar
generative Al NLP which had lag, and multiuser functionality
where verbal communication between users was dightly
delayed. Finally, the generative Al seemed limited in answering
guestions related to the patient’s condition due to the lack of
information available on the archival system.

Future research will need to consider testing using a more
statistically powerful number of health care professionals
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involved in MDT meetings to determine how powerful the 2D
or 3D DICOM imagesare at identifying cancer lesions. Second,
to overcome the internet issue, we need to test the network
stability before performing the usability study. Thirdly, the Al
generative avatar needs to be supplied with more detailed
knowledge about the patients so it can more accurately answer.
Additionally, alongitudina analysis after implementation would
allow researchers to assess the impact of the software on
productivity. Finally, a direct comparison of our software with
current digital tools such as Zoom and Microsoft Teams will
help to assess its usefulness in terms of features, and
productivity.

Conclusions

In health careinstitutions, applying knowledge management is
crucia to using resources in a good way to increase patients
outcomes, and reduce medical errors. Knowledge sharing is
considered an important step for the successful implementation
of knowledge management. There are several factorsthat affect
knowledge sharing in medical imaging. These factors can be
divided into 3 categories. individual, departmental, and
technological factors. MDT meetings are considered a crucial
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software security for connecting to health care systemsin order
to access patient scans and dataand devel op the software across
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Abstract

Background: Visuospatial neglect (V SN) affects spatial awareness, leading to functional and motor challenges. This case study
explores virtua reality (VR) as apotential complementary tool for VSN rehabilitation.

Objective: Specifically, weaimto exploretheinitial experiences of patients and physi otherapi sts engaging with anovel protocol,
using an audiovisual cue task to support VSN rehabilitation.

Methods: A preliminary VR task integrating audiovisual cueswas co-designed with 2 physiotherapists. The task was then tested
with 2 patients with VSN over 12 sessions. The intervention focused on engaging neglected spatial areas, with physiotherapists
adapting the task to individual needs and monitoring responses.

Results: Initial testing with 2 trainee physiotherapists indicated high usability, engagement, and perceived safety. Two patients
with VSN completed 12 VR sessions. For Patient A, completion times increased following the introduction of an audio cue,
though modeling indicated a nonsignificant linear trend (3=0.08; P=.33) and a marginally significant downward curvature
(B=—0.001; P=.08). In contrast, Patient B showed a significant linear decrease in completion times (f=-0.53; P=.009), with a
quadratic trend indicating a performance minimum around session 10 (3=0.007; P=.04). Intraweek variability also decreased.
Motor scores (Box and Block Test and 9-Hole Peg Test) remained stable, and subjective feedback indicated improved mobility
confidence and positive task engagement.

Conclusions: Further research with larger cohorts is needed to confirm the VR task’s utility and refine the intervention.

(IMIR XR Spatial Comput 2025;2:e72439) doi:10.2196/72439

KEYWORDS
virtual reality; visuospatial neglect; physiotherapy training; audiovisual cues; patient experience; case report

: visuospatial neglect (VSN) stands out as a specific subset. This
Introduction ischaracterized by afailureto attend to objects or eventswithin
Background adefined region of the visua field, commonly affecting the left

side[2]. These deficitsincreasetherisk of falling and contribute
to caregiver burden [3]. Conventional rehabilitativeinterventions
typically involve manua interactions between patients and
therapists, which can be physically demanding for practitioners
and patients, leading to disempowerment, boredom, and reduced
motivation when activities lack autonomy or engagement [4].

Following a stroke, approximately 30% of stroke survivors
experience neglect [1]. Neglect is a neurological disorder that
poses significant challengesfor rehabilitating behavioral deficits,
including motor functionsand perceptual -cognitiveimpairments,
such as spatial awareness. Among the various types of neglect,
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Theintegration of technology-based modalities, such as serious
gamesand virtua reality (VR), with conventional rehabilitative
interventions has emerged as a promising approach to engage
patients with poststroke neglect [5]. When used in conjunction
with traditional rehabilitation, including physiotherapy
interventions, these modalities offer the potential for a more
motivating treatment experience. Despite the potential benefits
of these approaches, the use of audiovisual cues within VR
adjunctively with physiotherapy remains poorly understood in
terms of the subjective experience of patients with VSN.
Consequently, the objectives of this case study are (1) to develop
a real-time VR-based physiotherapy training solution tailored
for individualswith VSN and (2) explore how audiovisua cues
may influence the performance and rehabilitation experience
of physiotherapists and individuals living with VSN during
interaction with the VR-based training solution across 12
sessions.

Visuospatial Neglect

VSN, a common cognitive deficit following a stroke, is
characterized by persistent spatial inattention, often manifesting
unilaterally [2,6]. Patients with VSN struggle to acknowledge
or respond to visual stimuli presented on the side opposite to
the damaged hemisphere, often behaving asif that side of their
visual field does not exist [7,8].

VSN istypically associated with damageto the posterior-parietal
cortex of theright hemisphere. However, recent lesion mapping
studies suggest a high degree of variability regarding the
anatomical basisfor neglect [9] with the temporo-parietal cortex,
frontal cortex [10], occipital cortex [11], cerebellum [12-14],
and even subcortical regions [15] have been linked to neglect.
Furthermore, it has been associated with disconnectionsin white
matter tracts, such as the superior longitudinal, inferior
longitudinal, and inferior fronto-occipital fasciculi [9]. These
varied findings highlight the complexity of VSN's
neuroanatomical correlates.

Neglect mainly affects higher-level spatial processing
modalities, such asvisual and auditory spatial processing [16].
However, the empirical relationship between visual and auditory
taskswith neglect remains unclear [8]. As studies have smulated
multisensory (typically audiovisual and tactile) training
procedures, improvements have been observed after training
that used temporally congruent audiovisual input [16,17].
Therefore, the exploration of multisensory and specifically
audiovisual training procedures is warranted.

Physiother apy and Patient-Centered Treatment

Poststroke rehabilitation programs commonly feature
physiotherapy to address motor and sensory impairments[18].
Physiotherapy is a vital primary care service within formal
health care systems, aiming to sustain optima physical
functioning through various nonpharmacol ogical interventions,
such asprogressive exercises[19,20]. Previousresearch [21,22]
indicates that task-specific repetitive practice is essentia for
attaining lasting improvements in motor learning and motor
function.

Recent trendsin physiotherapy further emphasize theimportance
of patient-centered treatment [ 23]. Patient-centric physiotherapy

https://xr.jmir.org/2025/1/€72439
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treatment involves physiotherapists providing support to
empower patients by providing emotional and physical
assistance, aleviating fears and anxiety, and involving family
and friends in treatment and care plans when possible.
Patient-centered support often takes various forms of
communication, including both verbal and nonverbal methods,
such as tactile interactions and patient education [24]. Given
the multifaceted nature of conditions, such as VSN, where
multiple aspects of perception and movement may be affected,
patient-centered support is particul arly pertinent, asit addresses
awide range of dimensionsin the recovery process.

Sincethe reaching and grasping skills of these patients are often
limited, physiotherapy programstargeted for poststroke neglect
rehabilitation include grasping training. Grasping training for
poststroke neglect aimsto improve spatial representation ability,
aswell asan enhancement in reaching, interacting, and grasping
skillstoward the neglected areaor environment [25]. This often
takesthe form of congruent visual scanning training and motor
rehabilitation tasks [26,27]. Studies suggest grasping training
using methods such as homebased programs and
custom-developed VR simulationsis beneficial for patientswith
poststroke neglect to develop reaching and grasping skills that
can be tailored to individual needs [28], which improves their
ability to grasp objects[29-31].

VR and Neglect Rehabilitation

VR has emerged as a promising technology to be used adjunctly
with physiotherapy, aiming to influence physical behaviorsand
movements  within  immersive, computer-generated
environments. Sensory-motor tasksin VR offer several distinct
advantages for physiotherapists. VR provides a safe setting for
patients to engage in realistic and repetitive movements, either
as an adjunct to conventional physiotherapy or in tandem with
it, under the real-time supervision of therapists [5]. Evidence
from various studies suggeststhat VR canimprove the frequency
of motor tasksin poststroke rehabilitation by increasing practice
intensity [32], improving hand function [33], and promoting
neuroplastic changes [34].

Recent studies have demonstrated VR’s effectivenessin various
stages of VSN management, ranging from diagnosis [35] and
assessment [36] to motivation and rehabilitation [37]. Thisis
inpart dueto VR'scapacity to createimmersive and controllable
training environments, enhancing patient engagement and
motivation, potentialy leading to better treatment adherence
and outcomes|[38]. For rehabilitation, several studieshave used
VR to simulate realistic grasping training through hand grasp
motions, showing promising results [39,40]. The engaging,
adaptable, and measurable aspects of VR thus proveit to be a
promising tool for VSN rehabilitation.

VR and Audio-Tactile Cueingin Neglect Rehabilitation

In VSN rehabilitation, audio-tactile cues enhance theimmersive
effects of VR by directing attention toward the neglected space
through multimodal sensory engagement, thereby promoting
orientation and visual awareness on the affected side. Studies
by Knobel et a [41] and Leitner and Hawelka [42] provide
evidence that audio-tactile cueing in VR settings with patients
with VSN can effectively improve patients attentional
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orientation and head movement toward stimuli, assisting them
to overcome rightward orientation biases. VR interventions can
provide a structured and repeatable therapeutic experience,
aligning with neuropsychological approaches (eg, prism
adaptation therapy, a rehabilitation technique involving the use
of prism glasses to shift the visual field and correct for visual
displacement). Prism adaptation therapy has been integrated
into VR environments, leading to more effective rehabilitation
outcomes[43] aswell asvisual scanning training [42,44]. Phasic
alertness (the brief adaptive increase in arousal that occurs in
anticipation of an upcoming warning stimulus, see eg given by
Posner [45]) has also been shown to be positively influenced
with audiovisual cueing, leading to improvementsin the balance
of visual attention in patients with neglect [46]. Auditory cues
can trigger fast, automatic shiftsin spatial attention, suggesting
preservation of strong links between auditory and visual
attention mechanisms in patients with neglect. Sustained
long-term improvements have been found following intensive
and prolonged multisensory audiovisual stimulation [47].

This case study addresses a critical gap in the co-design and
iterative development of VR-based interventions tailored
specifically for hand grasping training in patients with VSN.
Unlike generalized VR applications in rehabilitation, this
intervention was designed through interdisciplinary collaboration
with physiotherapists to integrate audiovisual cueing within a
hand-grasping task, offering a novel approach to VSN
rehabilitation [48]. For instance, existing V R-based interventions
[49] have primarily focused on perceptual training through
visual scanning tasks or general attentional cueing, whereasthe
system developed here aims to incorporate elements of
compensatory motor initiation, lesscommonly addressed in this
context. Compensatory motor initiation refers to the use of
alternative motor strategies, such as gaze shifts, to facilitate
movement toward the neglected hemispace, particularly in
patients with VSN who exhibit impaired initiation on the
contralesional side [50]. Accordingly, this VR intervention
distinctly explores the integration of physiotherapist-informed
design components, such as adjustable audiovisual cueing and
targeted hand-grasping tasks, to address compensatory motor
initiation and spatial attention. The structured co-design process
included iterative testing and refinement to align the intervention
with patient-specific needs and therapeutic goals [51]. In
addition, exploring how such tasks influence individual patient
experiences over multiple sessions provides valuable insights
for personalizing rehabilitation strategies, addressing a critical
need for evidence in this domain [1,52]. Furthermore,
understanding how such a task influences the experience of
individual patients over a series of physiotherapy sessions is
unknown. Therefore, the following research question directed
the study:

RQ. What are the initial experiences of patients and
physiotherapists using a custom-developed VR-based hand
grasping training protocol ?

https://xr.jmir.org/2025/1/€72439
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Accordingly, the aims of this study were 2-fold: (1) to develop
asolution using audiovisual cueing to be used during real-time
physiotherapy training and (2) explore the initial experiences
and perceptions of patients and physiotherapists regarding the
use of audiovisual cueing in the VR task.

Methods

I ntervention Development

The case study presentsaV R-based physiotherapy intervention
designed for hand grasping training in the rehabilitation of V SN.
This intervention uses VR to produce customizable visual and
audio cues in its environment, aiming to address the
requirements of individual patients with VSN. For instance,
elements such as the timing, location, and dynamics of these
cues can be adjusted to optimize the patient’s training
experience. In this intervention, participants engage in a VR
task. The VR task isa single trial where a ball, serving as the
visual cue, appears to the left within the VR environment,
preceded by an audio cueto signal itslocation. The ball bounces
in a fixed vertical up-down trgjectory. This allowed users to
plan their motor responses, such as grasping. Participants were
tasked with grasping the ball as quickly as possible and were
limited to grasping 1 ball per trial. In thisstudy, wefirst focused
on usability, followed by user testing. Audio cues were
introduced in the seventh week to streamline the complexity of
the VR task. This procedure-based approach to VR intervention
design involves astructured process of usability testing and the
phased introduction of multisensory cues to enhance task
performance, aligning with principles of effective VR
rehabilitation training [48].

Aligned with the UK Medical Research Council’s (MRC)
guidelines for developing complex interventions [51,53], this
case study emphasi zes astructured and evidence-based approach
to intervention development. The UK MRC's emphasis on
exploring feasibility and acceptability in the early stages of
intervention devel opment was addressed through detailed user
testing (by both physiotherapists and patients with VSN) and
design, to refine the VR task and ensure it met necessary user
requirements.

Design and Implementation

For the purposes of this case study, an experimental VR
environment was developed in Unity3D (Unity Software Inc).
Asshown in Figure 1, the VR environment contained multiple
objects. Using Unity3D, the software developer crafted an
experimental VR environment that featured a prominent visual
cueintheform of ared ball. In addition, an auditory directional
cue was used. The audio cue directed the user to the ball’s
location, and the task was considered accomplished upon
successfully grasping the ball.
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Figure 1. First-person perspective of the virtual reality task environment.
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Directional Cue Design

Visual Cue

Figure 1 illustrates a red ball designated as the focal point for
participant interaction, serving as a visual cue to direct their
attention toward the task of grasping during trial runs. Thefigure
depicts a VR task environment as viewed from a first-person
perspective. In the center of the room, ared ball serves as the
primary visua cue. The user's left hand is shown reaching for
thered ball, indicating the action-based element of thetask. The
ball appears in the center, as this was captured during early
development and captured only for example purposes. The
interface also includes atimer display with labelsin the Finnish
language, such as "kokonaisaika," meaning "total time," and
"Pallo 1" through "Pallo 5," meaning "ball 1" through "ball 5,"
respectively. These labelsare followed by time stamps, revealing
theduration taken to interact with each ball; for instance, "Pallo
1" took 24.38 seconds, and "Pallo 2" took 2.72 seconds. The
seguence suggests that the user will engage with a series of 5
such ballsthroughout the exercise. The surrounding environment
isminimally designed with aneutral color palette, emphasizing
focus on the task elements. The Unity 3D rendered scene of the
VR environment is presented in Figure S1 of the Multimedia
Appendix 1

Developed using Unity 3D, the designated grasping zone is
active from the ball’s periphery to its center and is detected by
Unity’scollision system. Theball is designed to move vertically
within the space (ie, vertical cues have been found to influence
spatial orientation and potentially aid in rehabilitation of patients
with VSN, see Ldfitte et a [54]). The dynamics of this
movement, such as the bounce speed, can be adjusted from 1
millisecond to 60 seconds through the application settings.

For this cue, a range of available adjustments was deemed
important, as Golay [55] suggests that the effectiveness of cues

https://xr.jmir.org/2025/1/€72439
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in neglect rehabilitation can vary depending on the interval
between the cue and the target. The starting position of thered
ball correlates with the user's spatia location in the VR
environment, which is determined by the positioning of their
head-mounted display (HMD). Theball ceases movement when
the participant’s hand is near, simulating interaction. Successful
grasping is indicated by the ball's disappearance. The
appearance of the ball is designed to occur within the
participant’s left visual field (based on the [56] reach task
consistently using targets appearing outside a central fixation
point), determined by the spatial audio cues effect on the
participant’s orientation in the HMD. The red ball appears
approximately 61 centimeters (2 feet) from the participant,
facilitating reach and interaction (eg, [57]).

Audio Cue

The audio cue was made by using the spatial sound capabilities
of Unity3D 5.3, with the spatial blend parameter set to full 3D,
allowing for precise auditory localization in conjunction with
visua elements. Unity’s spatial audio geometrically simulates
sound sources within the environment, with the auditory cues
emanating from the expected ball appearance location relative
to the user’'sHMD position, facilitated by ahead-related transfer
function (HRTF) system. HRTF technology mimics how sound
is affected by the listener's head and ears, providing a
naturalistic sound perception based on directionality. The audio
cue lasted 2.61 seconds and served to alert usersto the specific
location where visual stimuli would appear. Thiswas based on
prior research by Yoshizawaet a [58] demonstrating that a cue
lasting 2 - 3 seconds effectively directed attention toward the
neglected side during VR rehabilitation tasks for patients with
hemispatial neglect. Studies by Dozio et a [59] and Knobel et
al [41] suggest that short-duration audio cues are both beneficial
and suitable in VR interventions for VSN rehabilitation. An
interstimulusinterval of 105 milliseconds between the auditory
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and subsequent visual cue was optimized to prepare the patients
for grasping the red ball (visual cue). The frequency spectrum
of the auditory cue showed a prominent peak at approximately
500 Hz (=-30dB) within the 50-20,000 Hz range, with

Figure 2. Frequency spectrum plot of auditory cue.

Danso et al

additional smaller peaks acrossthe low-frequency range. Figure
2 illustrates the frequency spectrum of the auditory cue. Figure
3 provides a 3D visualization of the auditory cue.
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Figure 3. 3D visualization of auditory cue. The x-axis—Time (s)—denotes time in seconds, the y-axis—Channel—displays the left and right audio
channels, and the z-axis—Amplitude (k)—illustrates the amplitude scaled in kilounits. The color gradient, asindicated by the color bar labeled “Amplitude
Variation,” visually depicts the amplitude fluctuations within the auditory cue.
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Task Parameters and Environment Design

VR Task Description

The VR task includes 1 trial with a ball appearing to the left
(15° to theleft), within a30° horizontal plane and a50° vertical
plane within the limits of the VR room. To complete each trial,
participants are required to successfully grasp the floating ball
as fast as possible (includes a 5-minute time-out period for
managing patient fatigue, [22,23,60]). Upon appearing, the ball
bounces with a vertical up-down trajectory in the room and
stays bouncing within a fixed vertical trajectory until the
participant grasps the ball. Participantswere limited to grasping
1 ball once per tria. To initiate the appearance of a new ball,
participants were required to rotate their trunk and direct their
gaze toward the center point of the field of view (FOV). This
central gaze point was represented in the VR software as a
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painting positioned above a fireplace object. The process was
marked by a countdown timer, starting from 3 and concluding
at 0, at which point a new ball was generated. The duration of
each trial was measured (in ms) until a successful grasp
occurred. The ball’s visual stimuli were depicted through its
appearance in the VR environment. An audio cue of where the
ball will appear across the 30° horizontal plane was activated
prior to the ball appearing to alert the patient to the appearance
location (interstimulusinterval between the audio cue and visual
cue=105 ms, ie, [41]). There were 15 trials in each location
across the 30° x 50° degree plane. The timer's data aimed to
provide insights into how target grasping efficiency is affected
by the size and distance of objects. In addition, multiple trials
were incorporated and the elimination of manua restarts to
improve the interaction process and reduce the cognitive load
associated with initiating new trials. Data output was presented
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in the form of atext file, which recorded participant response
times for each trial, audio cue sounds, and trial dates.

Task Development Aims

The development of this VR task is specificaly tailored for
inclusion in poststroke physiotherapy rehabilitation, building
upon the Reach Task conceptualized by Mattingley et a [56].
The origina task involved participants reaching toward a
stimulus at the edge of their visual field. Our adaptation for VR
purposes followsthis principle, focusing on the neglected visual
field to help distinguish perceptual deficits from motor control
difficulties.

To support physiotherapeutic goals, thetask encouragesthe use
of compensatory strategies—alternative motor patterns
developed to adjust for lost function, as described by Levin et
al [61]. Patients with VSN engaging in these motor patternsis
critical for fostering attentional shifts [62]. Integrating audio
cues with visual targets is designed to enhance anticipatory
behavior [55], supporting patients with neglect to proactively
direct their attention and gaze toward the task at hand.

Applying Fitts Law as a Guiding Principle for Task
Difficulty

Fitts law is a psychological principle stating that the difficulty
of aperceptual-motor task, such as pointing or selecting targets,

https://xr.jmir.org/2025/1/€72439
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is afunction of target size and distance [63]. The smaller the
target size, the slower and more difficult it isfor individuals to
accurately reach or activate the target. This provided a
framework for reducing the difficulty by enlarging the target
and thereby increasing the accessibility of user interactions
within the VR environment. Aspart of subsequent development
tasks, the software developer adjusted the FOV to 30° on the
horizontal plane and 50° on the vertical plane using Unity’s
built-in parameters. This adjustment was chosen to reduce the
distanceto targets, thereby making the task more accessible for
patients with VSN to successfully grasp objects (this also
reduced the potential for cybersickness effects, eg, [60]). The
adjustment of the FOV to specific angles on the horizontal and
vertical planesis also madein relation to the effective size and
position of thetargets (ie, the balls) within the VR environment
(see Figure 4 depicting a conceptual diagram representing the
appearance location for the primary visual cue within the
updated FOV parameters). The ball was set to appear at ground
level, ascend vertically to the ceiling, and descend vertically
back to its initia point of origin on the ground (up-down
trajectory).
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Figure 4. lllustrative figure depicting the field of view in the virtual reality task. This figure depicts the field of view in the virtual reality task, with 4
red spheresindicating potential appearance |ocations of the primary visual cue within a15° range to theleft of the central gaze. The black line represents
the participant's position at coordinates x=3, y=1. “X=30°" and “Y Z=50°" denote the maximum horizontal and vertical area visible to the participant.
The 2 blue arrows indicate the breadth and height of the participant's potential visual engagement area during the activity. The diagram is conceptual
and not drawn to scale; axis measurements of 7x7 meters (X and Y) and 3.5 meters (Z) are for reference only.
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High Tech Computer Corporation Vive Head Mounted
Display

The VR intervention was delivered using the High Tech
Computer Corporation (HTC) Vive HMD, a tethered
head-mounted display equipped with lighthouse tracking
technology for accurate room-scale motion capture. Its
compatibility with HRTF audio makesit suitable for delivering
spatial audio cues, essential for the task design. A detailed
specification of the VR hardware setup, including display
resolution, connectivity, and audio components, is provided as
supplementary information (Section A in Multimedia A ppendix
1).

Leap Motion Controller

Hand tracking in the VR task was achieved using the Leap
Motion Controller, a touchless optical tracking device that
allowsreal-time monitoring of hand and finger movements[64].
This interface enabled intuitive grasping interactions without
the need for handheld controllers. Haptic feedback was not
included, in line with previous studies highlighting the
complexity it introduces in poststroke rehabilitation tasks
[64,65]. A specification of the Leap Motion Controller and how
it pertainsto thisstudy is provided as supplementary information
(Section B in Multimedia Appendix 1).

Usability and Preliminary Testing

Preliminary User Testing

During the initial development phase, collaboration took place
between a physiotherapist from the anonymous physiotherapy
clinic, who played the role of a user tester, and a software
devel oper from (anonymous organi zation). For testing purposes,
they used a PC-based system along with a tethered HTC Vive
HMD and a Leap Motion Controller. Initialy, chalenges
emerged related to latency, particularly concerning the
responsiveness of the Leap Motion Controller device to the
grasping gesture. To overcome this issue, they decided to
externally mount the Leap Motion Controller on the HMD to
enhance the tracking of hand movements and gestures, serving
as atrigger point for task completion. Mounting Leap Motion
Controllers on a VR HMD has been found to enlarge the
tracking area for hand tracking in VR software programs,
thereby improving user experience with enhanced hand and
gesture tracking [66].

Table. Questionnaire results from 2 trainee physiotherapists.

Danso et al

Usability Assessment

To assess usability as well as the physiotherapists’ perception
of the task and system, 4 questions from the Technology
Acceptance Model questionnaire [67], 2 questions from the
Engagement in In-Game Questionnaire [68] and 1 question
from the Safety Attitudes Questionnaire [69] were adapted and
used for a usability assessment. The questions were answered
using a 5-point Likert scale, ranging from “fully disagree” to
“fully agree” (see Table S1 in Multimedia Appendix 1).

Ethical Considerations

The study was conducted in accordance with the Declaration
of Helsinki [70] and a favorable ethical statement from the
Pirkanmaa Ethics Committee (984/2021). Written informed
consent was obtained from all participants. Personal datawere
processed under a Data Processing Agreement in compliance
with the GDPR (EU, 2016/679). Data were pseudonymized,
stored securely on password-protected servers, and accessible
only to authorized researchers. No identifiable images or
personal identifiers are included. Participants were reimbursed
for travel expenses but received no other compensation.

Results

Feasibility and Usability Feedback (Physiotherapists)
Before conducting tests with participants with VSN, 2 trainee
physiotherapists from an anonymous physiotherapy clinic
participated in VR task test sessions to gain insights into their
experiences with the technology. Subsequently, these test
sessions were immediately followed by a survey where the 2
physiotherapists provided feedback regarding their subjective
experiences with the VR task. The survey was administered
using Webropol (Webropol Oy) software. Each trainee used the
application for approximately 10 - 15 minutes before completing
the survey. Table 1 aimed at assessing (1) the physiotherapists
perceived ease of use of the system, (2) the physiotherapists
engagement while using the system, and (3) their perception of
the safety of the VR task. The questions for usability (Question
1-Question 4), task engagement (Question 5), and safety
(Question 7) wererated highly by both trainee physiotherapists.
The question associated with difficulties in learning the task
(Question 6) was rated low.

Survey question Physiotherapist 1 rating Physiotherapist 2 rating
| think the system is easy to use 4 4

Learning to use the system is not a problem 4 5

| enjoyed using the system 4 4

| would like to use the system in the futureif | 4 4

had the opportunity

Learning to use this VR® task was easy 4 4

Was learning the task difficult? 2 2

| would feel safe using this as a patient 4 4

3/R: virtual reality.

https://xr.jmir.org/2025/1/€72439

JMIR XR Spatial Comput 2025 | vol. 2 | €72439 | p.103
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

Following feedback from the physiotherapists during initial
testing, session length was set to approximately 10 - 15 minutes.
While fatigue was not directly measured, this duration was
selected to support tolerability and aligns with findings
recommending shorter VR sessions (10 - 30 min) to reduce
fatigue in poststroke rehabilitation [71].

Patient Characteristics and Baseline Function

Patients were recruited between February and March 2022 from
inpatients with poststroke neglect referred to care at the
anonymous hospital/clinic, Finland. Inclusion criteriarequired
participants to have a right hemisphere stroke with diagnosed
neglect, beright-handed, be medically stable, be without hearing
impairments, cognitive deficits (eg, learning difficulties), or
hemianopia (loss of vision in one-half of the visua field), and
be aged 18 years or older. In addition, patients were assessed
for their physical and cognitive ability to perform the audiovisual
VR task by a physiotherapist team. Patients were excluded if
motor or communication impairments, as determined by the
physictherapists, were severe enough to prevent task
participation or understanding of instructions. Eligibleinpatients
received detailed study information, and participation was
discussed.

Based on the results of the previous phase of testing, and on the
expertise of the physiotherapy clinic, we decided to usethe VR
task as part of physiotherapy sessions with 2 patients with
poststroke neglect for the next phase of exploration. To preserve
procedural integrity and ensure personalized care, sessionswere
conducted by 2 licensed physiotherapists from an anonymous
hospital/clinic. Patient A was a46-year-old male with left-sided
hemiparesisand VSN, 1 year poststroke (Barthel Index: 70/100).
Patient B, a 37-year-old female with hemiplegiaand VSN, was
4 years poststroke (Barthel Index: 95/100). Both were
right-handed and met inclusion criteria (full clinical profiles
and ADL scores are presented in Table S1 and Section D in
Multimedia Appendix 1).

The inclusion of 2 patients with differing clinical profiles, a
mild case (Patient A’smild hemiparesis) and amore severe case
(Patient B's severe hemiplegia), was adeliberate methodol ogical
choice consistent with early-phase intervention research (eg,
UK MRC guidelines [51,53]). This heterogeneity enabled an
initial assessment of the VR system’s usability across a spectrum
of functional symptoms and rehabilitation timelines. Such

Danso et al

purposive sampling is supported in the devel opment of complex
interventions, wherethe goal isto evaluate feasibility, individual
responsiveness, and context-specific implementation [51,53,72].
In neurorehabilitation, evidence shows that early inclusion of
diverse patient profiles enhances understanding of task usability,
supports iterative design, and informs future personalization
strategies [1,41]. Furthermore, diverse case inclusion enables
deeper insight into patient-centered customization [17,52] (see
eg, [73] where VR task parameters were adapted to patients
with varying upper-limb impairments, improving usability, and
elevating future patient adherence to the intervention).

Description of Patient Test Sessions

Physiotherapy interactions were standardized across both
patients to ensure procedural consistency while supporting
individual needs. Both licensed physiotherapists underwent
training in the VR task and applied identical task parameters
(eg, 1.19 shall bounce, consistent audio cue use), emphasizing
procedural integrity and a patient-centered framework [74].
Patients received uniform instructions and completed
preparatory sessions to familiarize themselves with the VR
environment. During sessions, physiotherapists monitored
performance in rea time and provided feedback based on
individual maotor behavior, such as compensatory strategies (eg,
trunk rotation or delayed reaching). Therapists manually initiated
each trial using the in-task menu (see Figure S2 in Multimedia
Appendix 1). A detailed description of session setup, training,
and interaction procedures is included as supplementary
information (Section C in Multimedia Appendix 1).

Assessment M easures

During this phase, the assessment measures encompassed the
following: time to completion data (with successful grasps
serving as indicators of task completion); initial rehabilitation
goas set by the physiotherapists and patients prior to
commencing the 12 sessions incorporating the VR task (see
Textbox 1); an evaluation of goal attainment postcompletion
of the 12 sessionsinvolving the VR task; 2 standardized motor
function assessments (ie, the Box and Block Test, BBT, which
measures gross manual dexterity—number of blocks moved in
60 s—and 9-Hole Peg Test, 9HPT, which assesses fine motor
coordination in seconds [75]; see Table 2); and each patient’s
subjective experience, documented through their comments
following the completion of the 12 sessions.

Textbox 1. Textbox 1. Physiotherapy goals for patients A and B as reported by their physiotherapist.

Patient A goals
«  Ability to move in an upright position

«  Strengthening of leaning on the left side of the body

Patient B goals
«  Togain confidencein walking
«  Improve balance

«  Muscle condition improvement
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Table. Patient A and B's Box and Blocks Test and 9-Hole Peg Test scores.

Patient Hand BBT2P pre (blocksy ~ BBT Post (blocks) 9HPT®d Pre () 9 HPT Post (s)

A Left 27 27 21.30 22.40

A Right 51 50 20.84 23.30

B Left 23 22 20.77 21.50

B Right 54 54 21.60 21.20

3BBT: Box and Blocks Test.

bScores indicate the number of blocks a patient can move over a partition from one compartment to another within 60 seconds, using one hand.

C9HPT: Nine-Hole Peg Test.

dscores provide a standardized measure of fine motor dexterity, particularly assessing hand—eye coordination, finger function, and speed of movement

during a precision-based task.

Throughout these initial sessions, both physiotherapists guided
their patientsto begin the task by focusing their visual attention
above the fireplace in the VR environment, focusing on the
painting object. Once each patient’s gaze was visually focused,
a countdown timer, counting down from 3 to 0, initiated the
appearance of a ball within the FOV. The patients were then
instructed to reach out and grasp the ball asit appeared. Upon
the patients' successful grasping of the ball and subsequent
completion of this first trial, both patients completed an
additional 14 trials before the task ended. The physiotherapists
would remain present with their patients throughout the entirety
of thisstudy to provide additional support or further instructions

https://xr.jmir.org/2025/1/€72439

that might be needed by the patient. Thiswas a so due to safety
reasons, as both patientsinteracted with the task while standing
upright.

Patient Completion Time Description

We obtained 180 trials per participant. Before proceeding to
data inspection, the data were trimmed to remove the worst (ie,
slowest) 2 trials for each week. A visua inspection of the task
completion times of both patients is presented in Figure 5.
Conducting statistical analyseson 2 patientsis supported within
the framework of case study methodology, which alows for
the test of intervention effects on an individual basis[76].
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Figure5. Patient task completion times. Dotted data pointsillustrate the completion times of each trial. Whiskers denote observed SE of the mean for
each day, based on the trial-level data. The solid line signifies aloess interpolation, providing a continuous representation of the completion times over
time. The dashed line indicates the trend predicted by the model. To ease visualization, dots above 20 seconds (NA=12; NB=7) are not displayed.
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A curve estimation analysiswas conducted to examine the trends
of the completion times throughout the sessions (N=12 with 15
trials each) for both patientsindependently. Consistent with the
positive skewness of the completion times (Skewnessfor Patient
A=2.63; Skewness for Patient B=4.11), we resorted to a
generalized linear model approach through R’s Ime4 package
[77]. The datawere modeled using agammadistribution, which
isideal for positively skewed strictly positive continuous data
[78]. To facilitate interpretation, no link function was used,
allowing coefficients to be interpreted directly on the original
scale of the outcome. In greater detail, 6 curve models were
fitted to the data (ie, linear, logarithmic, quadratic, power,

https://xr.jmir.org/2025/1/€72439
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inverse growth, and exponential decay), consistent with
methodologies in rehabilitation research that use curve
estimation to track patient progress over time [79].
Subsequently, the models were compared based on the Akaike
Information Criterion, Bayesian Information Criterion,

Nagelkerke R?, and performance score (through the performance
R package [80]) (see eg, [81,82] model comparison and
information criteria). In al models, the day of the session was
used as the predictor. This was preferred over the session
number because our sessions were not equally distant in time.
For both patients, the quadratic model showed the best fit (see
Table 3).
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Table. Model comparison.
Patient and model AlC2 BICP R2 Performance
Patient A
linear 1022 1032 0.070 50.04
quadratic 1019 1032 0.104 100.00
inverse 1031 1041 0.013 0.39
log 1029 1039 0.027 7.63
exp 1031 1041 0.012 0.00
power 1031 1040 0.016 1.96
Patient B
linear 941 950 0.146 47.02
quadratic 932° 945° 0.205° 85.40°
inverse 962 972 0.004 11.09
log 945 954 0.120 28.07
exp 962 972 0.002 14.87
power 957 966 0.042 3.50

8AIC: Akaike Information Criterion.
bgIC: Bayesian Information Criterion.
“Best models.

Regarding Patient A, when inspecting the raw data, a marked
increasein completion timewasfound at session 7, namely, the
session wherein the audio cue was added. However, the model
suggested that, after a nonsignificant initial increasing trend
(Biinear=0.08, SE=0.08; P=.33), adownward curvature began to
emerge, approaching significance (Bquadraic=—0-001, SE=0.001;
P=.08), around day 24 (ie, session number 3).

Model’sresultsfor Patient B indicate that the completion times
exhibited characteristics of a significantly decreasing duration
(Biinear=—0.53, SE=0.20; P=.009), whereinitial task completion
times were followed by a gradual deceleration toward a
minimum time for task completion, reached around day 35 (ie,
sesson number 10; Bguagraic=0-007, SE=0.003; P=.04).
Furthermore, Patient B also showed a strong reduction in
average completion timesand intraweek variability after session
6.

Assessment of Upper Limb Motor Function

The BBT and 9HPT were included as standardized measures
of gross and fine motor function, respectively, to assess upper
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limb performance relevant to the grasping demands of the VR
task.

Table 2 summarizes pre- and postintervention scores from the
BBT and 9HPT, which were performed under therapist
supervision, with patientsinstructed to direct their focustoward
their neglected side. Results show consistent right-hand
performance on the BBT while the left (affected) hand showed
mild impairment.

Patients’ Subjective Experience

At the conclusion of the 12-session period, Patient A and Patient
B were individually asked to provide feedback regarding the
use of the VR task in conjunction with their physiotherapy
treatment (see Table 4 below for a summary of Patient A and
B's qualitative feedback). These feedback rounds were
conducted by their respective physiotherapists, each posing the
same set of two questions: (1) To what extent were you able to
achieve your rehabilitation goals? (2) How would you describe
your experience with the VR task, using your own words?
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Table. Qualitative feedback from Patients A and B in response to 2 questions posed by their physiotherapist.

Questions Patient A feedback

Patient B feedback

Were your rehabilitation goals achieved?
condition.”

How did you experience the VR? task (in your
own words)?

“In my opinion, there is no difference in my

“The VR task was fun and interesting. Thereha
bilitation experience was different from my nor-
mal physiotherapy experience.”

“Shifting weight to the | eft at the end of the peri-
od was easier and was slightly more successful.
During this period, | started walking without
support, without awalking stick.”

“Walking has become more confident.”

“It felt quite nice and relatively easy. When the
balls were on the left and behind, it was more
difficult. The audio did not seem to really help
my performance in the game. But they calmed
my thoughts down. The most challenging was
when | couldn’t move my legs along but, closer
totheend it was easier.”

3/R: virtual redlity.

Both physiotherapists transcribed the responses provided by
their patients, with the conversations taking placein the Finnish
language.

Table 4 indicatesthat while Patient A did not consciously notice
adifferencein his condition, he experienced the VR task asfun
and interesting. Patient B actively noticed a difference,
potentially contributed to by engagement in the VR
rehabilitation task. Patient B explained that the VR technique
was partially more effective and that shifting weight waseasier.
In addition, the patient began to walk without support following
the VR tasks. Patient B also explained the difficulty in grasping
for theball when it wasin the area affected by neglect yet noted
that in addition to being a relatively easy exercise, the audio
calmed them.

Discussion

Principal Findings

The objectives of this case study were 2-fold: (1) to develop a
V R-based solution incorporating audiovisual cueing, designed
for real-time use during physiotherapy training sessions for
poststroke VSN rehabilitation and (2) to explore the initial
experiences and perceptions of both patients and
physiotherapists regarding the use of audiovisual cueing within
this VR task during rehabilitation. The development process
resulted in the successful development of a perceptual motor
task customized to meet the needs of real-time physiotherapy
applied adjunctly to patients with VVSN. Both patients reported
a positive subjective experience with the VR training, citing
enjoyment and interest, and 1 patient even experienced some
improvement in motor function. The VR training was aso
positively received by physiotherapy trainees. Taken together,
these results provide several promising case-specific el ements
and a potential roadmap for future task development, as well
as alarger trial with explicit control and standardization.

Development Aims

The VR task incorporated a progressive approach to
rehabilitation [19,20], as evident in thetask design. For instance,
several adjustments were made in response to user feedback
(eg, accessibility considerationswereintegrated into the system,
with adeliberate adjustment of the FOV to cater to patientswith
VSN). Notably, the usage of VR technology depended on the
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provision of training to the physiotherapists to use the
technology prior to testing it with patients. Thistraining was a
vital aspect of the study, ensuring they possessed the necessary
expertise to integrate technology into rehabilitation practices
safely. Insightsfrom the devel oper and shared experiencesfrom
physiotherapy trainees emphasize the collaborative nature of
the approach, incorporating external perspectives and expertise.

Patient A and B Qualitative Feedback

As we used a patient-centered approach, the subjective
experience of patients was a key outcome measure. Generally,
the qualitative feedback from both patients highlights positive
engagement with the task. Both patients reported positively
about their experience, stating: “the VR task was fun and
interesting” (Patient A) and the VR task was “quite nice” and
“relatively easy” (Patient B). The VR task offers a different
experience, which was positively received, as Patient A states:
“the rehabilitation experience was different from my normal
physiotherapy experience” This indicates benefits beyond
strictly functional and medical outcomes, such as increased
patient engagement during physiotherapy training, which may
find alignment with [83].

Patient B's feedback also reflects progress toward achieving
rehabilitation goals (eg, the objective of regaining confidence
in walking). However, Patient A perceived no significant
difference in their condition, which may be due to a multitude
of factors. While Patient B also notes some challenges,
suggesting potential difficulties related to spatial awareness or
balance training, they state that with training, the task did
become easier. This may indicate that the VR task was
challenging the patient with positive training outcomes as a
result. The patient’'s comment about the game's audio—"it
provides a calming effect”—while not intended, aligns with
literature on sensory stimulation having a calming effect on
patients [84] Though not directly impacting performance, it
implies the potential for sensory engagement as a therapeutic
aid. However, the functional clarity and perceived usefulness
of the audiovisual cues were not explicitly evaluated in this
study, pointing to the need for future iterations to include
cue-specific assessment. Indeed, as indicated by Danso et al
[52], more research must be done to systematically study the
impact of sound and music on therapeutic progress. Despite
being at distinctly different stages of poststroke recovery and
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presenting with varying symptomatic profiles, both patients
reported a positive experience. This outcome highlights the
value of customizing the VR task, including directional cues
(audio and visual) and in-task settings (eg, background music
volume, audio cue volume), to suit individual needs.

The continuous presence of the physiotherapists with their
patient throughout the duration of the study, while using VR,
suggests a patient-centric approach [24,85]. They actively
assisted patients in fitting the HMD as well as manualy
initiating and monitoring each VR trial, providing rea-time
guidance and instructions to both patients. The introduction of
the VR task to patients by their therapist, coupled with detailed
explanations of its objectives and instructions, aligns with the
literature on patient-centered education and rehabilitation
practice [24]. The aspect of providing the patients with an
understanding of the rehabilitation process may have contributed
to both patients' positive feedback.

Individual Differencesin Task Response

While it is important to keep in mind the anecdotal nature of
the evidence due to this being a case study, tentatively positive
resultswere obtained from the patient’sinteraction withthe VR
task. The integration of task metrics, standardized motor
assessments, and patient feedback highlights individual
differencesin responseto the VR intervention. Patient B showed
a significant decay trend in task completion times, along with
reduced intrasession variability and subjective reports of
improved confidencein walking [17,86]. Patient A, by contrast,
exhibited variable completion times and no perceived functional
change. Pre- and postintervention scoreson the BBT and QHPT
reveal ed mild left-hand impairment for both patients, with little
measurabl e change over the 12 sessions—suggesting that motor
gains aone are unlikely to account for Patient B’s improved
task efficiency. Notably, both patients performed within
normative ranges on the 9HPT [87] for the unaffected hand,
with lower scoresfor the affected hand, consistent with moderate
upper-limb asymmetry typical of right hemisphere stroke.
Furthermore, across sessions, ball bounce speed (see Table S3
in Multimedia Appendix 1, aproxy for task difficulty) washeld
constant, indicating that performance differences were not
attributable to variation in task demands.

Although the distinct patient profiles, including comorbidities
such as VSN, left-side hemiparesis, and |eft-side hemiplegia,
may have influenced task interactions and completion times, it
iscritical to approach these findings with caution given the case
study design. VSN involves attention and awareness deficits
with perceptual components[6-8,88], whileleft-side hemiparesis
and hemiplegia relate primarily to motor capacity, with
hemiparesis indicating muscle weakness and hemiplegia
signifying a complete loss of motor control. In addition,
differences in the timing of intervention—Patient A, 1 year
poststroke, versus Patient B, 4 years poststroke—may have
contributed to variations in task outcomes. Therefore, it is
essential to interpret these results as case-specific and within
the limitations inherent to a case study framework.

Thedifferenceinthetotal VR task completion times, measured
in daysfor the 2 patients, Patient A (74 days from Day 1 to the
final session) and Patient B (42 days over the same period),
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tentatively suggestsashorter interval between treatment sessions
is associated with faster task completion time. This finding is
generally supported by the literature [21,22].

Limitations and Future Research

The study has several significant limitations that must be
considered case-specific when interpreting its results. A key
constraint for the quantitative datais that these are case studies
of 2 patients diagnosed with VSN. Thislimited participant pool,
aswell aslimited characterization of VSN symptoms, islimited
by the absence of standardized neglect assessments (eg, the
Behavioral Inattention Test) and neuroimaging data (eg,
magnetic resonance imaging/computed tomography lesion
localization), constraining the interpretation of the underlying
neural correlates of task performance in response to this VR
task. Furthermore, the 2 patients were at different stagesin their
rehabilitation journey—one having experienced astrokein 2018
and the other in 2021. Such disparitiesin their recovery timelines
could introduce confounding variables, thereby impacting the
generalizability of the study’s findings. In addition, the
task-specific outcomes for each patient might have been
influenced by numerous uncontrolled variables within the study.

To address these limitations, our future research roadmap
involves research including afull sample of patientswith VSN
(a sample size calculation will be conducted using G* Power
software, Heinrich-Heine-Universitat Diisseldorf [89], derived
from comparable VR rehabilitation studies), aswell asadditional
standardized assessment measures (eg, the Montreal Cognitive
Assessment [90], Hospital Anxiety and Depression Scale [91],
and Berg Balance Scale [92] will be used). In addition, we will
incorporate neglect-specific assessments, such asthe Catherine
Bergego Scale [93] and Behaviora Inattention Test [94] to
quantify changesin VSN. To further investigate the impact of
audiovisua cueing, we aso plan to incorporate a comparison
condition, such as a visua-only cueing group, alongside a
standard control group. This will allow us to more rigorously
evaluate the specific contribution of multisensory feedback to
rehabilitation outcomes.

Regarding the VR task, future analyses of task completion time
at varying locations acrossthe 30° horizontal planewill be made
to compare how patient progressin reaching easier versus harder
targets on the contralesional side. A subsequent study may be
designed to include trials on both the left and right sides,
incorporating a structured analysis to determine whether the
observed improvements in task performance are due to overall
speed enhancement or are specifically observed within the
neglected hemispace. Although out of scope of this study,
collecting richer qualitative reports from family members who
regularly interact with each patient will provide clearer insights
into the patients' daily activities and recovery needs [3,95],
offering ahalistic perspective on their progress. Whilethis study
did not focus on improvementsin grasping skill, methodol ogies
from related research [28,31] could be applied in future studies
to assess such skill in patientswith VSN using this VR task. In
addition, using the Suitefor the Assessment of Low-Level Cues
on Orientation [96] could enrich our understanding of how
patients with VSN perceive and navigate in VR environments,
potentially offering valuableinsightsfor rehabilitation practices.
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A follow-up study will include eye-tracking measurements to
track visual attention during atrial, as well as include targeted
evaluations of audiovisual cue clarity and perceived utility to
better understand their functiona role in attention orientation
and motor engagement (eg, prompting gaze shifts or initiating
reach movements). These improvements in study design and
data collection will mitigate some of the limitations observed
in this study.

Although participants did not report any discomfort or
restrictions associated with the HM D equipment, future studies
could explore the use of wirdless HMD systems, such as the
HTC Vive XR Elite, Meta Quest, or Varjo VR, to enhance
patient comfort and mobility. In addition, incorporating
advanced tracking technology in future studies could improve
control over experimental variables.

An additional consideration for future exploration isthe potential
of the VR intervention to positively influence patient motivation.
Both patients in our case studies responded very positively to
the VR intervention, and for follow-up studies, measures of
patient motivation such asthe Motivation in Stroke Patients for
Rehahilitation Scale[97] could be included to provide valuable
insight into this aspect of the intervention. Crucialy, to
strengthen the evaluation of patient experience, future studies
will incorporate validated instruments, such as the System
Usahility Scale [67] and Intrinsic Motivation Inventory [98],
alongside direct patient-reported outcome measures, to reduce
reliance on therapist-transcribed responses and minimize
potential reporting bias. Motivation and patient enjoyment have
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been shown to be important drivers of positive rehabilitation
outcomes[5]. The gamified nature of the VR task, coupled with
the novelty of the technology, may support patient motivation,
encouraging patients to persist in therapy despite the difficulty
of the task.

Conclusions

This study explored the devel opment and implementation of a
V R-based physiotherapy intervention designed for hand grasping
training for VSN rehabilitation. Positive preliminary user
experience reports from both patients and physiotherapists
provide promising evidence for a future research roadmap of
this VR task and highlight the individual patient differencesin
response to VR-assisted physiotherapy. In addition, the distinct
responses of the 2 patients highlight the intervention’s potential
capacity for personalized adaptation, emphasizing its suitability
for diverse VSN rehabilitation needs. To further enhance the
feasibility of thisV R task in physiotherapy rehabilitation, future
research should focus on the use of additiona standardized
measures applied to a full-scale sample. To better understand
the specific impact of this task on attention to the neglected
hemispace, future investigations should include a structured
analysisof motor performance at varying target locations across
the 30° horizontal plane. Furthermore, afull-scale sample could
provide further insight into whether observed improvements
are due to enhanced movement speed or specific engagement
with the neglected hemispace. These findings support the use
of VR asapatient-centered tool that can betailored to individual
profiles, offering promising directions for future research in
neurorehabilitation.
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Abstract

Background: Demands on health care services can greatly outweigh capacity. Multifactorial causative factors present great
challenges, forcing the National Health Service (NHS) to increase efficiency and adaptivity. Concurrently, digital advancements
areexcelling and long-term plansfor NHS sustai nability are focusing on the use of technological interventionsto benefit patients.
As aresult, integration of extended reality (XR) technology has become an important focus of health care research. However,
models of how the digital literacy of health care workforces can be developed and how frontline staff can be actively involved
in the design and development of creative digital interventions are lacking. Such programs are essential to allow the development
and upscaling of digital innovation within the NHS for the benefit of the patients. Such a program has been developed in the
Digital Futures research lab at Torbay and South Devon NHS Foundation Trust, representing one of the first immersive digital
technologies research spaces embedded within the NHS. A “Digital Deep Dive’ training program has been devel oped, allowing
local health care workers to recognize the possibilities of digital health care technologies and supporting them in the evolution
of ideas for potential bespoke digital solutions appropriate to their own patient groups and care pathways.

Objective: This paper aims to explain the development of this unique XR Deep Dive program and present the evaluation that
informed future directions for its ongoing development.

Methods: The Deep Dive sessions were designed according to relevant pedagogic principles, including experiential, active,
and contextual learning theories. Voluntary pilot sessionswere held for local clinical teams comprised of junior doctors, consultants,
nurses, and allied health professionals. Self-selection sampling was used. Participants completed an anonymous postsession
feedback form, which was used to conduct a service evaluation. Datawere analyzed using descriptive statistics (quantitative) and
thematic analysis (qualitative).

Results: Intotal, 21 completed questionnaires were analyzed. Overall, the sessions were positively received: all participants
reported increased awareness of the potential for digital health care innovation postsession and most found it useful and relevant
to their clinical careers. Participants valued the sessions being grounded in a context relevant to local practice with opportunities
to interact with the technology through the lens of use cases.

Conclusions: We have developed a unique training initiative providing contextually relevant XR technology awarenesstraining
for health care professionals locally. Despite the growing pace of digital health care innovation, we recognized a knowledge gap
in our local workforce regarding the potential of XR technologies within health care. We responded by developing a training
program grounded in the concept of digital co-creation—working with staff and service users to develop bespoke solutions
integrated within patient pathways. The results from this paper will help to inform future directionsfor devel oping digital awareness
training in our trust and have implications for wider NHS digital literacy training.

(IMIR XR Spatial Comput 2025;2:€57361) doi:10.2196/57361

KEYWORDS

health care XR; extended reality in health care; XR; virtua reality in health care; VR; digital awareness training; digital deep
dive; digital literacy; emerging health care technology; digital future; extended reality; virtual reality
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Introduction

Welivein an erawhere demands on NHS services can outweigh
capacity. Thismismatch in capacity versusdemand isincreasing
and causative factors are multifactorial, including an aging
population, significant years of underfunding, a reducing and
inadequate workforce, and the COVID-19 pandemic. To meet
these challenges, health care services must become more
adaptive and efficient, while maintaining a world-leading
standard of patient and clinician experience, service quality,
and clinical safety. It is also an era where technological and
digital advancements are progressing at an unprecedented rate.

The 2019 government-commissioned Topol Review [1] made
important recommendationsto ensurethe NHS becomesaworld
leader in digital technologies utilization for the benefit of
patients, and the necessity to grow the digital literacy of the
health care workforce wasfurther accelerated by the COVID-19
pandemic [2]. In a more recent development, the 2023 NHS
Long Term Workforce Plan [3] underscores the significance of
digital competencies and integration as crucial componentsin
equipping the workforce to meet prospective service demands.

Extended reality (XR)—an umbrella term encapsulating the
spectrum of immersive technologies from simple augmented
reality (AR) through to complete virtual reality (VR)—has
become a key focus of cutting-edge health care research [4],
with its benefits becoming clearer through use in as many as
97 UK health organizationsand 119 distinct health careresearch
projectsin 2021 [5]. The comparison of XR-driven practicesto
traditional methods in medicine [6,7], surgery [8,9],
rehabilitation [10,11], and clinical education [12,13] have
become important research foci in recent years. Ultimately, the
effectiveness of XR technologies in enhancing clinical skills
and patient outcomes has been well demonstrated [6]. However,
asimportant as these research projects are, they are insufficient
if not accompanied by programsof digital training and education
to reach the wider workforce.

A review of the literature has indicated that, while studies
exploring the use of XR in a health care setting are numerous,
real-world working models of health care workforce XR
awarenesstraining arelacking, with no applicable papersyielded
from our search. Thus, despite the advancements in XR
technologies within health care, there is a notable gap in the
literature regarding the training of health care professionals to
effectively integrate these tools into clinical practice for the
benefit of patients. We propose that in order for XR technologies
to betruly embedded in the NHS, within clinical care pathways
and for the benefit of patients, they need to be understood and
utilized by clinicians and health care professionals within the
correct health care context. Although many digital technology
companies are innovating in this space, direct access to and
collaboration with clinicians and patients from the first stage
of their innovation islacking, meaning thereis often amismatch
or lack of true co-design in what is being developed and what
isactually required.

In 2020, this paper’s senior authors (JRL and NP) were
profoundly aware of thelack of digital literacy within their local
NHS health care workforce and the lack of successful fully
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integrated digital-clinical partnerships. Working together and
alongside other experts to allow a true understanding of both
the clinical and digital worlds, they set out to address this by
conceptualizing and developing the unique “Digital Futures:
Human Centred Digital Innovation” program [14], which was
initially supported by funding from Health Education England.
Theideawasto allow atrue understanding of both the clinical
and digital worlds and develop innovations in the common
ground between their areas of expertise. Thus, the
conceptualization of aDigital Futures Research Lab built onan
existing XR Lab, which had been in development at Torbay
Hospital since 2016. The program represents one of the first
immersive digital technol ogies research spaces embedded within
the NHS to inform nationa insights into research and
development of immersive digital technologies in health care.

The development of a “Digital Deep Dive’ training program
was one of the founding principles of the Digital Futures
program. Itsaim isto increase digital literacy and awarenessin
local clinical teams, supporting them to recognize the
possibilities of digital health care technologies and evolveideas
for potential bespoke digital solutions appropriate to their own
patient groups. The clinical user-led approach of joining digital
experts and clinical experts was conceptualized to allow
cross-fertilization of ideas and knowledgeto support the creation
of bespoke solutions within the patient pathways and represents
a “bottom up” approach of educating staff groups in digital
technology, which is now gaining national interest.

Through this paper, we aim to highlight how we have devel oped
local XR Deep Dive Training Sessions as part of the Digital
Futures Programme and evaluate the impact of pilot sessions
we have delivered.

Methods

Design

The XR Deep Dive training sessions have been developed
collaboratively between clinicians and digital expertsat Torbay
and South Devon Foundation Trust (TSDFT). The sessionswere
designed to be delivered to teams of health care professionals
across thetrust in the on-site TSDFT Digital Futures Research
Lab. Sincethe authors consider cross-fertilization of digital and
clinical expertiseto be paramount in the development of digital
interventionsthat are useful and usable in practice, the sessions
were designed to be co-delivered by a clinician and a digital
expert.

The Deep Divelearning strategy was originally conceptualized
by aglobal learning design company in the early 2000s and has
since been widely implemented across various industries to
promote learning and process devel opment within professional
teams [15]. Core to the Deep Dive methodology is integration
of key stakeholders, affording them the opportunity to
experiment with new concepts and brainstorm how that concept
could be adapted and successfully integrated into their own
unigue context [15]. This approach offers an ideal solution to
the challenges of XR health care training we have previously
described. Therefore, we have adapted the Deep Dive
methodology to develop our local training program: we first
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introduce participantsto the concept of XR, then we demonstrate
its potential within health care, and finally we alow time, space,
and support for teams to explore how the concept could be
developed within the context of their own health care specialty
for the direct benefit of local teams and patients.

To achieve this, we grounded our Digital Deep Dive session
designin Experiential Learning theory [16]. A vital component
of the deep divesisto showcase examples of embedded digital
technologiesin health care pathways across both our own trust
and more widely, thus feeding the imaginations of the
participants with the possibilities within the digital health care
space by promoting hands-on experience and reflection [16].
In-session digital interaction was a key design priority, with
timeallocated to practical demonstrationsand “digital playtime”
allowing participantsto trial the XR technology first hand. This
also aligns with active learning theories and evidence that this
type of digital interaction is a key component of achieving
successful technology training [17]. The Digital Futures program
hasa“humanfirst” approach to all itsinnovations, emphasizing
how digital innovation can be utilized directly to improve patient
care. In the Deep Dives, we therefore focus on technology in a
humanistic sense—adopting this approach accentuates the
personal, emotional, and psychological needs of the personin
additionto their physical health needs, stressing theimportance
of treating each person as a unique individual, ensuring that
care is patient-centred and that the health care experience is
characterized by compassion, empathy, respect, and dignity
[18]. We aimed to showcase how technology can be used to
connect uswith and value one another as fellow human beings,
and so incorporated illustration of local use cases to provide
context and authenticity. Thisdesign choice alignswith the goal
of uniting concept with practice, which is central to contextual
teaching and learning theory [19]. The informal learning
environment was designed to encourage questions and
discussion throughout, thereby supporting learners to develop
adeeper understanding and explore different perspectives[20].
Timewas also allotted at the end of the session for amini focus
group to further promote ideas for co-design and
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interdisciplinary collaboration of potential digital solutions.
Sessions were designed to be delivered in asmall group format
(<10 participants), asthis has been shown to foster better group
collaboration, interaction, and discussion [20]. Finaly, given
the importance of posttraining follow-up to provide further
support and ensure ongoing development [21], we considered
how we would deliver postsession support as part of our
program design—signposting to digital drop-in clinicsto further
improve targeted digital skills and share and refine ideas for
future digital innovation was therefore promoted at the end of
the Deep Dive sessions.

These design principles for the XR Deep Dive session are
outlined in Figure 1, encapsulating the overarching aims of the
training sessions, which are summarized in Figure 2.

Following the design phase, 8 voluntary pilot sessions were
held between May 2022 and May 2023. Health care
professional s—including resident doctors, consultants, nurses,
occupational therapists, play specialists, and
physi otherapi sts—from departments across TSDFT wereinvited
between May 2022 and April 2023 via email and online trust
advertising platforms to attend on a voluntary basis, therefore
utilizing self-selection sampling [22]. Volunteers from all of
theseclinical groups attended sessions, with each session hosting
between 3 and 8 participants to maintain the important small
group sizes. Participantswereinvited to complete an anonymous
postsession QR feedback form in Multimedia Appendix 1; by
submitting this, participants consented for their anonymized
commentsto beincluded in this service evaluation. The Squire
Guiddinefor Service Evaluation was used asaframework [23].
Free-text responses were evaluated by 2 authors (CG and PG)
using thematic analysis, which isthe accepted preferred method
of interpreting qualitative data [24].

Each session was al so observed by the senior author (JRL), who
provided feedback on content and flow and suggested
modifications. Using this feedback combined with the
participant feedback, through an iterative process, the final
content of the Digital Deep Dive sessions took shape.
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Figurel. Anoutline of the design of the XR deep dive training sessions. VR: virtual reality; XR: extended redlity.

Digital Deep Dive Session Design
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pilots
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{f, /}'A
v - l\
DIGITAL FUTURES

HUMAN CENTERED DIGITAL INNOVATION

Figure 2. Theaims of the XR deep dive training sessions. TSDFT: Torbay and South Devon Foundation Trust; XR: extended reality.

Digital Deep Dive Session Aims:

Futures Project.

principles.

playtime.

1. Provide brief contextual education about the background of XR technologies in health care.
2. Promote awareness of the XR technology equipment available for use at TSDFT as part of the Digital

3. To showcase how XR technologies have successfully been integrated into different health care
environments both locally and further afield with a focus on “human first, patient-centered innovation”

4. Provide opportunity for participants to use the XR equipment and explore its potential through digital

5. Encourage imaginative exploration and collaboration of ideas regarding how XR technologies might be
further implemented into various health care settings.

Ethical Considerations

Inlinewith guidance provided by the Health Research Authority
and compatible local Research and Development policies at
TSDFT, aforma ethics application was not required for this
service eval uation project. Participants were made aware through
aformal statement on the feedback form that their anonymous
responses may be used for evaluation purposes and may be
included in future published work.

Results

From a total of 8 sessions delivered to 35 participants, 21
completed questionnaires were received, with a mix of
qualitative and quantitative responses (60% response rate).

https://xr.jmir.org/2025/1/e57361
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Quantitative responses were analyzed using descriptive statistics
and free-text responseswerethematically grouped and analyzed.

Quantitative Data

Data were collected through a series of closed questions and
5-point Likert scales. Quantitative data were collected in 2
categories: presession experience and postsession feedback.

Presession Experience

Resultsare displayed in Table 1. All participants who took part
in the XR Deep Dive sessions had little to no experience of
using XR technology previoudly. Although just over half of
participants were aware of XR being used in a health care
context—either generally or specifically—the remainder had
never heard of XR technologies being implemented in health
care, and none had any persona involvement in using XR
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technologiesin ahealth care context. Further, most participants
had never heard of the Digital Futures Programme at TSDFT

Table. Quantitative data (presession ideas).

Galvinet d

and knew nothing or very little about current use of XR
technologiesin our local health care services.

Question and answer

Number of responses (N=21) Percentage of total responses

Before this session, what was your experience with virtual reality/augmented reality technologies?

| had used these technologies afew
times previously

| had heard of these technologies
but had never used them

| had never heard of these technolo-
gies before

| had lots of experience of using
these technologies

11 52
9 43
1 5
0 0

Before this session, how familiar were you with the use of digital technologies such asvirtual reality/augmented reality in health care envi-

ronments?

| had never heard of these technolo-
giesbeing used in hedlth care before

| had heard of these technologies
being utilized in health care but did
not have much knowledgeregarding
how

| had heard about specific projects
involving these technologiesin
health care but have had no personal
involvement

| have personally been involved in
projects utilizing these technol ogies
in health care settings

8 38
7 33
6 29
0 0

On ascaleof 1 - 5, how much did you previously know about the digital projects ongoing at Tor bay and South Devon Foundation Trust?

1 (absolutely nothing)
2
3
4
5 (expert)
Had you previously heard of the Digital Futures Programme?
Yes, and | knew what it was
Yes, but | didn’'t know what it was
No

16 76

2 10

3 14

0 0

0 0

1 4.76
1 4.76
19 90.48

Postsession Feedback

Results are displayed in Table 2. All participantsindicated that
they had a better understanding of the Digital Futures
Programme and ongoing X R projectswithin thetrust after taking
part in the session. Most participants felt that the session was

https://xr.jmir.org/2025/1/e57361
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both useful and relevant to their future clinical careers and
reported feeling inspired or very inspired to utilize XR
technologiesin their own health care specialty. Most participants
indicated that they felt to some degree more confident in
operating the XR equipment after the session.
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Table. Quantitative data (postsession feedback).

Question and answer Number of responses (N=21) Percentage of total responses

Do you now have a better under standing of the Digital Futures Programme and the current digital projects ongoing in Torbay?

Yes 21 100

No 0 0
On ascaleof 1 - 5, do you feel this session hasinspired someideasfor how you might utilize digital technology in your chosen health care
specialty?

1 (not at all) 0 0

2 0 0

3 2 10

4 7 33

5 (completely) 12 57

On ascaleof 1 - 5, how likely would you now beto get involved in a digital technologiesin health care project in the future?

1 (extremely unlikely) 0 0
2 0 0
3 4 19
4 7 33
5 (extremely likely) 10 48
On ascaleof 1 - 5, how much more confident do you now feel in oper ating the virtual reality/HoloL ens technologies compared to before the
session?
1 (not any more confident) 0 0
2 0 0
3 5 24
4 13 62
5 (entirely more confident) 3 14

Do you think this session was useful to your future career?

Yes 20 95
No 0 0
Unsure 1 5

Do you think this session wasrelevant to your future career?

Yes 20 95
No 0 0
Unsure 1 5

= Text Dat relevance and utility; and postsession devel opment. Following
ree-lext Dala thematic analysis of the responses, key themes were identified

Free-text responses were collected in 4 main areas: presession  jn each of these areas. These themes are presented visualy in
ideas and motivation, session content and delivery; session  Figure 3.
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Figure 3. A visual representation of the themes identified from the free-text responses.
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Cost and

scalability

Presession | deas and Motivation

Participants were asked 2 free-text questions in this area—the
first related to presession ideas about technology use in health
care and the second related to why the participant chose to get
involved in a Deep Dive session.

Of the 21 respondents, 13 (62%) raised preconceived ideas
about use of XR technology in health care. From these
responses, 3 themes were identified: Patient Concerns,
Technology Skepticism, and Cost and Scalability.

First, responses from 8 participants included concerns that
highlight the preconceived ideas that technology would damage
the patient-clinician relationship; technology use would lead to
impersonal health care; and technology would present usability
issuesin certain patient groups, such as older patients. Together,
these answers contribute to the dominant theme of Patient
Concerns. Presented below are some direct quotes from the
participants:

| wondered how user-friendly the equipment might

be, especially for older patients. [Participant 4]

Worried about virtual technology replacing physical
examination with patients. [Participant 19]

Negative impact on the clinician-patient
relationship—not very personal. [Participant 10]
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Second, Technology Skepticism emerged as another
preconceived idea. Participants expressed valid concerns about
the relative infancy of XR technologies, particularly XR for
health care, with some participant responses presented below:

I know of such technology in the gaming world, but...I
was skeptical about itsusesin healthcare. [Participant

7]

Technology and its use in healthcare are till very

much in their infancy. [Participant 5]
The third theme that emerged from asking about preconceived
ideas is that of Cost and Scalability. Four participants raised
the concern that digital projectsin health care may be unredlistic
due to the costs involved, and its impact on availability and
accessibility to the technologies. Some of the responses from
the survey participants are presented below:

\ery costly so thought it would not be very achievable
on alarge scale. [Participant 8]

Funding is likely to be the big barrier. [Participant
7]

Next, the motivation of respondents to participate in the Deep
Dive sessionsfell into 2 themes: Exploring an Existing I nterest
and Curiosity About New Opportunities. In response to the
guestion about motivation for participating in the sessions,
words such as“ exciting,” “interesting,” and “ unique” were used
frequently.
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An existing interest in digital technology was identified by 7
participants as motivation for their involvement in the training
ons. One participant stated:

| amcreative. | already know a bit about tech. | agree
there is huge potential in using technology,
specifically VR, to help people. [Participant 2]
Further, 13 participants talked about being curious about what
they perceived to be a new and interesting area. Multiple
participants alluded to technology being part of the future in
health care and that it holds many opportunitiesfor development.
Some quotes from the participants are presented below:

Interesting area of future development. [Participant
20]

Wanted to hear more about what opportunity there
was. [Participant 12]

Session Content and Delivery

Participants were asked to identify the best thing about the
session and whether they had any improvement suggestions.
To ensure future session improvements, a specific question was
also asked about any difficulties participants experienced when
using the digital technology.

Positive comments about the session content and delivery were
grouped in 2 themes. Digita Playtime and Contextual
Relevance.

When asked to identify the best thing about the session,
participants overwhelmingly gave answers that can be
categorized into the theme of Digital Playtime. The hands-on
digital experience integral to the session design was met with
substantive positivity, with 19 of 21 participants (90%) citing
the opportunity to use the technology in the session as one of
the best aspects. Some example survey responses are below:

Fantastic to have hands on experience and understand
more about how it all works. [Participant 11]

Practical time with the headsets. [Participant 13]

Next, participants particularly valued the use of local case
studiestoillustrate rea -life application and contextual relevance,
with 6 participants commenting that integration of use cases
into the session was one of its best aspects. One participant said
it was:

Brilliant to see the difference it's already making in

the trust and the collaboration and partnership

working already going on. [Participant 11]
Participants were then asked about any specific technology
difficulties experienced during the session and whether they
had any improvement suggestions. Regarding technology
difficulties, participants outlined 4 problems: connectivity issues
(6 participants), motion sickness/nausea (2 participants), device
fit issues (2 participants), and time to adjust (2 participants).

Eleven of 21 participants (52%) then made suggestions for
session improvement. From the responses, 3 themes emerged:
improvement of session balance, improvement of session
complexity, and improvement of internet connectivity.

https://xr.jmir.org/2025/1/e57361
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First, 8 participants gave answers that indicated better session
balance would be welcomed. Integrating more digital playtime
and less presentation time was frequently cited. Some
participants suggested increasing the length of the session to
allow for more digital playtime. One participant said:

At times there was too much tech talk which meant

less time spent using the actual equipment, | think

this could be streamlined to make the best use of time

in the session. [Participant 8]
Next, some responses suggested parts of the session were too
complex and not pitched at the appropriate level. Participants
highlighted that that there was “over-explanation of the
technology” (Participant 1), “too much tech talk to start”
(Participant 5), and that some parts of the session were “quite
confusing” (Participant 4).

Finally, the quality of the internet connection was mentioned
by 4 participants as an improvement suggestion, reinforcing
that thiswas the main technology difficulty experienced during
the sessions.

Session Relevance and Utility

Following the quantitative questionsregarding onrelevance
and utility, participants were subsequently asked to explain their
reasoning in a free-text question. Of the 21 participants, 20
(95%) thought the onwas useful and relevant to their future
clinical career—the single outlier was “unsure” When asked
to expand on their answers, participants gave responses in 4
themes: Digital Future of the NHS, Potential for Health Care
Innovation, Impact on Patients, and Ensuring |deas are Practical.

When considering the relevance/utility of the session, 11 of 21
participants (52%) commented on the Digital Future of theNHS
and the need for the workforce to be knowledgeable and
prepared:

It will become more and more relevant over time.
[Participant 8]

Realise that tech is coming to the NHS and we need
to be prepared to use it in our practice. [Participant
10]

Tech is only going to become bigger in the next

decade and clinicians need to catch up. [Participant

3
Next, 5 participants gave answers that fall under the theme of
Potential for Health Care Innovation, recognizing areas for
digital integration such as development of virtual patient
assessment systems and the interpretation of radiological
imaging. The technology <till being “in its early stages’
(Participant 9), however, was also recognized.

Three participantswrote directly about theimpact of technology
on patients, which was considered from different angles:

Sill unsure whether this will benefit patients.
[Participant 9]

| can see how thistype of thing can be used to benefits
patients’ care in the future. [Participant 21]

Finaly, 3 participants raised the point that that future
innovations must be practical. Funding concerns were again
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mentioned as well as comments relating to the need to “work
out what is realistic” (Participant 12) and the realization that
some useful ideas “ struggle in their execution” (Participant 2).

Postsession Development

To conclude, participants were asked for their suggestions on
how the sessions should be followed up. From the 9 answers
provided, 3 themes emerged: Clear Signposting, Focused
Technology Support, and Exposure to Technology in Context.

The need for clearly signposted postsession support was raised
by 3 participants, to allow ideas and interest generated in the
session to be appropriately followed through. One participant
talked about the benefit of having a “clear roadmap of steps
from thisworkshop to generating ideasright through to fruition”
(Participant 2).

Further, a need for focused technology support was identified
by 4 participants, in order to provide more support to participants
who had |ess experience with the technol ogy itself or those who
found adapting to the headsets more difficult. An example quote
isincluded below:

Would need more time and support if taking this
forward as a project. [Participant 11]

Finally, 3 participants identified that they might benefit from
the opportunity to have more exposure to the technology in
context, perhaps with opportunities to trial it in clinical
simulation or with real patientsin the clinical environment.

Discussion

An XR Deep Dive training program has been created for local
health care professionals, which has been evaluated as being
clinicaly relevant, successfully increasing local awareness of
current digital innovation projects within health care. It isalso
potentially useful to future clinical practice. Thisisthefirst step
in developing and enhancing digital literacy and innovation
within our health care staff across our integrated care
organization.

Session Strengths

Participants indicated that their presession experience of using
XR technology was minimal to nonexistent. The integration of
digital playtime and first-hand exposure to the technology were
reported as being an overwhelming strength of the session.
Participants were encouraged to reflect on these practical
experiences and engagein collaborative group discussion about
potential applications and developments in their own health
care settings. This experiential learning is a key component of
adult learning theory, where learning takes place in a
context-specific  cycle  of  experience,  reflection,
conceptualization, and experimentation [16]. To provide this
all-important context, relevant local use cases of successful XR
interventions formed the basis of the practical demonstrations,
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Galvinet d

fueling participants’ imaginations of what is achievable within
our own organization, thereby lifting the concept of XR
integration from an abstract idea to a realistic possibility. For
example, the following use cases (developed in-house) were
explored (Figure 4):

1. Working with local clinical pain speciaists, the Digital
Futures team has been able to create a fully immersive tai
chi on the beach VR experience (Figure 4A).

2. The successful integration of HoloLens technology to
deliver immersive virtual clinicsin the patient’s homes.

3. How XR technology has been used at TSDFT to develop
and deliver interactive empathy (Figure 4B) and patient
management training (Figure 4C).

This contextua relevance was another key strength in our survey
results, supporting the mantra that “ seeing is believing” where
emerging technologies are concerned [25].

Significant cultural challengesexist to the widespread adoption
of XR technologies across all industries, including feelings of
apathy, distrust, confusion, and skepticism [25]. Such cultural
barriers are reinforced through our survey, with more than half
of respondents exhibiting negative preconceived ideas about
the use of XR technology in health care across 3 themes: Patient
Concerns, Technology Skepticism, and Cost and Scalability.
We believe that such concerns must be addressed head-on by
providing staff with the opportunity to experience the technol ogy
in action, with time and support to understand its qualities and
limitationsaswell as openly discussing and addressing concerns
[25]. After taking part in a Deep Dive session, many participants
acknowledged the potential of XR technology for health care
innovation and had developed an appreciation of what might
berealistically achievable at alocal level.

Our co-creation approach to developing digital solutions that
are useful and usable in practice was fundamental to the design
of the Digital Futures Deep Dive sessions and to addressing
these concerns. Having access to a digital expert during the
session enabled practical discussions focused on achievable
digital goals. Emphasizing cross-fertilization of clinica and
digital expertise allows participantsto understand that our local
Digital Futures Programme aims to produce co-devel oped,
intelligently implemented, and practically driven bespoke
patient-focused health care solutions [26], and that digital care
transformations are taking place in a positive sphere of
negotiation and meaningful dialogue with key stakeholders,
rather than being forced upon them [27].

The success of our XR Deep Dive training sessions is
encapsulated and demonstrated by a significant number of
parti cipants showing active postsession engagement and interest
in becoming involved in the local Digital Futures Programme,
bringing with them the seedlings of ideas that were sown in the
initial XR Deep Dive session.
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Figure4. Examplesof local XR use cases demonstrated during the XR deep divetraining sessions. (A) immersive VR tai chi on the beach; (B) interactive
VR empathy training; and (C) interactive HoloL ens patient management training. VR: virtual reality; XR: extended redlity.

Areasfor Improvement

Our survey reveded that participants felt the balance and
complexity of the session could be improved, with respondents
requesting more hands-on time with the XR headsets and less
presentation time, reinforcing that the strength of the session
liesinitsintegration of practical digital experience. Asaresult
of thisfeedback, we were ableto perform areview of the session
design after thefirst few deliveries and made someintermediate
interventions, including increasing the session length from 90
to 120 minutes with more dedicated practical time, streamlining
the session presentation, and simplifying the digital-focused
background information. This resulted in improved feedback,
with improvement comments under the themes of “Improvement
of Session Balance” and “ Improvement of Session Complexity”
occurring far less frequently in the later pilot sessions.

Approximately one-quarter of respondents talked about
connectivity issues when asked whether they experienced
technology difficulties during the session. Resolution of
connectivity issues subsequently became a theme for
improvement. Such connectivity issues are unfortunately
widespread in the NHS—asurvey found that 58% of NHS staff
had experienced Wi-Fi blind spotsin their trust buildings, and
two-thirds agreed that digital innovationsin their team had been
abandoned due to poor connectivity [26]. This is alimitation
of NHS infrastructure and is not within the abilities of this
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paper’s authors to change. However, we recognize—Ilike 98%
of NHS staff—that Wi-Fi infrastructure and maobile connectivity
are crucia to the future delivery of innovative health care [26]
and will therefore continue to play our part in campaigning for
improved connectivity as part of our local Digital Futures
initiative.

Principal Findings

The Digital Futures Lab is on-site in our NHS trust, and it is
bespoke and evolving. It was built to develop and support the
digitd literacy of al health care staff in our trust. Our evaluation
found that most participants came to our training session with
no or little knowledge about the use of XR technologiesin a
health care context or local XR development projects. As
expected, most participants had never heard of our new local
Digital Futures Programme and were not aware of the
investment and facilities available within our own organization
recently. Without awareness of the opportunities available,
clinical teamssimply cannot drive digital innovation. Thisaigns
with thefindings of a2023 survey that lack of digital knowledge
and skills within health care teams was considered by
three-quarters of surveyed NHS workers to be a significant
barrier to innovation [26]. Furthermore, this emphasizes the
Topol recognition that a culture of NHS digital innovation can
only be achieved when coupled with a learning culture that
supports frontline staff to explore new technologies and the
opportunities they present for patient care [1].
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An integral component to building such a culture is having a
cohort of learnerswho are motivated to explore the opportunities
presented by advancing digital technologies. An appetite to
explore and embrace digital advancementsto transform patient
care has been identified among health care workers on anational
scale [26]. Similarly, many participants in our survey
acknowledged the upcoming digital age of the NHS, recognized
digital technology as a tool for innovation, and cited their
curiosity to learn about such innovation opportunities as
motivation for seeking digital training.

Overdl, in our local health care workforce, there exists a
knowledge gap regarding XR potential and current local
opportunities coupled with a strong desire to rectify this,
indicating a clear need for the XR Deep Dive training session
we have created. After taking part in our session, all respondents
reported an increased awareness of local digital innovation and
most felt inspired to get involved in future digital projects
themselves, highlighting that our sessions have been successful
in meeting their aims.

Future Directions

Feedback from pilot sessions has supported the need for our
new XR Deep Dive training sessions and has informed the
refinement of the original session design as part of a quality
improvement cycle. Intermediate interventionsto addressinitial
concerns regarding session balance and overcomplexity have
already been successfully implemented, and there remains scope
for further improvement. For example, future directions of the
XR Degep Dive training program may involve atiered approach
to cater for participants of different starting abilities and
experiences, potentialy incorporating “beginner,”
“intermediate,” and “advanced” training sessions, which can
be accessed either in isolation or as aprogressive series. Future
evaluation of such an expansion of the training program would
offer further insights into how we can successfully fulfill the
NHS Long Term Workforce Plan of upskilling and training
staff in our NHS trust to maximize digital technologies to
improve health care delivery for the benefit of patients locally
[3]. Future research will also inform us about the different
technology behaviors of individualsand help us develop insights
on how behavior change can be encouraged.

Digital transformation, and XR health care technologies in
particular, arerapidly evolving and driving change. Maturation
of hardware and software means content is becoming more
sophisticated, user friendly, and seamlessly integrated into the
real world [25]. Training programs—such as the one we have
developed—uwiill therefore also be required to evolve. Regular
periodic reviews of the session content must be scheduled with
updates as required, to ensure the training does not become
outdated and irrelevant. Further, as use of technology in our
local trust increases, the use cases demonstrated in the XR Deep
Dive training sessions must also be reviewed to ensure they
remain current and engaging. Showcasing use casestailored to
the participants’ own context will become easier as more local
health care specialties adopt XR innovation.

Asthetraining program grows, we must ensure its sustainability.
This will involve the recruitment of local “clinical digital
champions’—asidentified in Topol [ 1]—to deliver peer-to-peer
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training, sharing their knowledge and unique experiences.
Recruitment and training of digital experts must also be
maintai ned—and increased proportionately—at the trust level.
Ongoing funding must be secured in line with the program
growth, which will require a funding strategy as part of the
wider Digital Futures Programme in our trust. A robust and
sustainable follow-up support model must be established to
bridge the gap between thisinitial training session and adopting
XR solutions in the clinical environment. Sparking the
imagination of what is possiblein therealm of local XR health
care technology is trivia if participants do not subsequently
have access to the technical support and expertise required to
conduct trialswithin their own clinical spaces. We have already
begun to tentatively explore a model of “Digital Clinics’ for
this purpose, but datafrom our survey emphasize how follow-up
support must be focused, context-specific, and clearly
signposted. Refining a sustainable follow-up model that meets
these criteriaisthe next step in the devel opment of thistraining
program.

Finally, digital hedlth caretransformation is certainly not without
itsethical challenges, including concerns around access, consent,
inclusivity, privacy, and dignity [1,28]. As digital innovation
training evolves, it must incorporate these ethical discussions
and continueto tackle cultural barriers. Encouraging honest and
open dialogue will be key to finding workable local solutions
to ethical challenges and ensuring a true co-design culture is
adopted. Our survey highlights staff concerns that XR
technology will remove the personal aspect from
patient-clinician relationships, thereby dehumanizing care. This
concernisalso recognized in the Topol review. Our local Digital
Futures goal aligns with that of Topol: to focus on how digital
technologies can enhance, rather than retract from, our human
interactions. We are proud that our local digital projects
prioritize the humanistic aspects of care and have built our
training to showcase this. As digital innovation and the
associated awareness training evolves, we must not lose sight
of our core values.

Limitations of This Paper

This paper explores a small, single-center pilot of a new local
training intervention. Its findings are intended to inform future
directions in our own trust and may not be generaizable to a
wider context.

First, given the voluntary, self-sel ection sampling used to recruit
participants to the Deep Dive pilot sessions, it islikely that our
survey suffers from selection bias, capturing the views of staff
who were aready motivated to undertake the training in the
first place. Given that a significant number of survey
respondents talked about a prior interest in technology and a
curiosity to explore new digital opportunitiesfurther asareason
to sign up to the pilot sessions, it is likely that our data do not
capture the cohort of staff in our trust who are true digital
skeptics. To obtain a wider spectrum of opinions, for future
iterations of this pilot, we should aim to recruit staff members
who do not have prior motivation for engaging in digital training
sessions. Thiswill provideinsightsinto how we can effectively
engage digital-skeptic staff to engage in the technology
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advancements being implemented both in our local trust and
nationally within the health service.

Second, feedback was collected via an online feedback form
accessed viaaQR code at the end of the session. Not all session
participants completed the feedback (60% response rate),
possibly owing to the fact there was no physical form and they
never got around to submitting it online. Concerns around
nonresponse bias must therefore be considered when interpreting
our findings. Obtaining feedback online is an established
challenge [29]. To ensure a more complete representation of
participant views in future, it may be preferable to supplement
a feedback form with a recorded feedback focus group at the
end of future sessions.

Conclusion

Having identified agap in real-world working models of health
care workforce XR awareness and development training, we

Galvinet d

have designed and implemented XR Deep Divetraining ons
for hedlth care staff. This was one of the principle aims of our
Digital Futures Programme. These onsprovide contextually
relevant X R technol ogy awarenesstraining and are thefirst step
in working toward the goal of nurturing digitally literate health
care workforces who have the knowledge and skillsto embrace
transformative technology in the improvement of patient care,
as per Topol [1]. Our session design draws on Experiential,
Active, and Contextual Learning theories by showcasing local
use cases of the technology in practice, prioritizing hands-on
digital playtime and emphasizing the vital cross-fertilization of
clinica and digital expertise in the co-creation of digital
solutions that are useful and usable in practice. Data from the
pilot sessions suggest that we have created a training session
that is engaging as well as relevant and useful to future clinical
practice. The results from this paper will help to inform future
directionsfor developing digital awarenesstraining in our trust.
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Abstract

Background: While augmented redlity (AR) as a concept is not new, it is still an emerging technology with a wide range of
applications that it could provide value for. In the medical field, AR is becoming ever more prevalent, but while it has been
applied to various medical tasks, it isfar from commonplace. Radiological imaging has been suggested as one of these applications,
and the radiology workflow capacity crisisthe United Kingdom’s National Health Serviceis experiencing isapotential opportunity
for technology to alleviate pressure. Understanding clinical stakeholders and current systemsis important for identifying design
opportunities for developing AR to enhance interactions and gain more from radiological images.

Objective: Thisstudy had 3 key aims. First, to build an understanding of the field in the context of AR; second, to understand
the stakeholders and workflows surrounding radiological images; and finally, to suggest how AR could integrate within these
workflows and current practicesin order to provide value.

Methods: We conducted 14 interviews with hospital-based consultants in arange of specialties and then completed athematic
analysis on the transcriptsin order to find trends that suggest what value AR could add to radiological imaging, where that value
could be added, and who would benefit. Weimplemented reflexive thematic analysisto devel op themes from acrosstheinterviews,
which were then built on to suggest design implications.

Results: Wefind that the need for efficiency inimage evaluation is present across many roles, regardless of the clinical question,
but consultants can be resistant to new technology. Additionally, we find that the current capability of AR technology could be
of greater benefit to radiologists as opposed to surgeons or other practitioners. We discuss these findings for the devel opment of
AR applications and present 3 design implications that stand as our core contribution.

Conclusions: We concludewith 3 design implications for the application of AR within radiological imaging based on theresults
of our thematic analysis and frame them within the Human-Computer Interaction and medical fields. Thefirst design implication
highlights efficiency and how AR has the potential to allow for quicker comprehension and measurements. Second, we suggest
that the capability of AR tools should complement existing techniques and not simply replicate current ability in 3 dimensions.
Finally, the integration of AR tools with existing workflows is crucial in the uptake of the technology in order not to negatively
disrupt practice.

(IMIR XR Spatial Comput 2025;2:e68810) doi:10.2196/68810

KEYWORDS
augmented reality; clinical practice; radiology; surgery; thematic analysis

: technology, and there is very little uptake of AR in the
Introduction day-to-day of clinical practice[6]. The motivation of this study
Overview is to explore where this emerging technology could provide

value to modern medical practices, specifically radiological
imaging. The Royal College of Radiologists highlights the
urgent workflow capacity crisisin terms of the number of staff

Augmented reality (AR) for clinical use wasfirst mentionedin
1982 [1] and 1992 with a head-mounted display (HMD) [2].

Using ARinaclinical settingisnot anew concept, but itisstill
inrelativeinfancy [3,4] with many suggestions asto the specific
applications[4-6]. Itisapromising application areaof AR with
many examples presented [ 7]. Despitethis, itisstill an emerging

https://xr.jmir.org/2025/1/e68810

not keeping pace with the increasing demand for imaging.
Increased strain is therefore placed on existing staff within the
National Health Service (NHS), the publicly funded health care
systeminthe United Kingdom [8]. By exploring these problems
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in the context of AR, we can begin to understand how the
technology could fit into the goals or requirements that are
present intoday’ s practice, such asincreased efficiency or higher
accuracy.

In this study, we conducted an interview study to investigate
the current clinical landscape of radiological imaging in modern
medicineto better understand the potential roles AR could play
and the value it could bring. This was achieved by conducting
a set of interviews with consultants in different tertiary care
specialisms (highly specialized care) aimed at exploring the
current practices and perspectives of professionals who work
with radiological images, in the context of using AR technol ogy.
Asaresult, we propose 3 design implications to consider when
designing AR systemsfor clinical use, which stand as our core
contribution. Our design implications were informed by
experiential accounts and opinions regarding what radiological
images are used for, how they are used, and what stakeholders
gain from them. We recruited surgeons and radiologists as key
stakeholders, and a focus was put on the interactions these
stakeholders had with the images used during clinical
workflows. This enabled us to examine the contents of the
interactions as well as the users’ experiences and opinions on
how successful they were in the context of looking for
opportunitiesto design for AR. The current tools used, how the
tools are integrated into practice, and opinions on them were
also considered.

The aim of these interviews was threefold: to gain an
understanding of the field in the context of this technology, to
gain an understanding of the stakeholders and workflows
surrounding medical images, and to begin to understand the
rolethat AR could play within these workflows. Theinterviews
were semistructured around questions that sought to clarify
medical facts, explore the opinions and discrepancies of current
practice, while also probing attitudes toward the problems,
opportunities, and new technologies that are faced. The
interviews have been analyzed using reflexive thematic analysis
[9,10] to understand trends and contradictions across the data
set. Thisanalysisisintended to understand what value AR could
provide in a clinical environment and, therefore, identify
application and interaction design opportunities and suggest
some design implications. Going forward, thiswill alow usto
begin to identify some of the needs of tertiary care practitioners
in the context of this technology. The contribution of thiswork
is the empirical understanding gained through the thematic
analysis and the 3 design implications devel oped based on this
analysis. The thematic analysis aims to understand the needs
and challenges experienced by hospital-based consultants, and
the design implications are developed through and justified by
this thematic analysis.

Background

Development of AR

AR superimposesdigital objectsinto the users view inrea-time
using a headset or other device. The aim is to add virtual
components to the user’s field of view to provide them with
additional information while carrying out atask [5]. Although
the term was coined in 1992 [11], the technology has seen a
boom in interest in recent years [12]. It was at this early stage
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in 1992 that AR would be suggested as atool to aid surgery by
Rosenburg [2]. Rosenburg suggested that just asaphysical ruler
can be used asatool to aid in drawing a straight line on a piece
of paper, AR could be used to guide surgeons’ incisions, and
that AR would be better than any physical tool for this task as
the virtual components could be partially submerged in the
anatomy to strictly follow key lines and boundaries.

Since this time, AR technology has developed with
advancements such as viable HMDs, allowing wider and more
creative adoption [13]. There is little clinical use of AR, but
interest in the technology for use in this space is growing [6].
It has been suggested for image-guided surgery (IGS), as
Rosenburg did, but aso for tasks such as medical training,
clinica psychology, diagnostics, surgical planning, and
rehabilitation [5,14,15].

HMDs are the dominant way of using AR, and technological
developments have meant that they can display content
accurately enough to enable convincing interactions. However,
technological and usability issues persist around AR HMDs
[16-18], with the effectiveness and accuracy of AR in many
clinical tasks difficult to validate and therefore remaining to be
proven[19,20]. A key set of issues documented acrossavariety
of AR headsets is the perceptual inaccuracies and issues that
can arise. Perceptual issues are an important area of research,
as regardless of the domain or individual application, an
otherwise perfect AR experience could be made intolerable by
physical symptoms as a result of inaccurate perceptual cues.
This is particularly true in a medical environment where the
accuracy of thetoolsused can have animplication on apatient’s
life [21].

Poor perceptual cues can place stress on a user, resulting in
symptoms such as motion sickness, nausea, and visual fatigue.
Focal rivalry isacommon example of inaccurately represented
virtual content, placing unmanagesble stress on the users' vision.
Focal rivalry is where the eyes cannot focus on 2 objects at
different depths at the same time and therefore have to switch
between focusing on the physical object and the virtual, a
requirement rarely seen in the natural environment [22] .

The vengeance-accommodation conflict is another common
perceptual issue that has been documented to cause physical
symptoms. The vengeance-accommodation conflict [23] is
caused by the eye’'s 2 mechanisms of focusing competing against
one another. Most modern HMDs have a fixed focal depth of
around 2 m, but as virtual content is moved away from this
plane, inaccurate depth cues are created, often out of the bounds
of what a user’'s eyes can tolerate [24].

Gold Standard: AR IGS

AR IGS was one of the first clinical applications AR was
suggested for, and is still a key area of interest in medical AR
research, and is a clear application of the technology [19]. It
can be argued that AR IGSis the gold standard of clinical AR
as there is broad agreement that having live guidance for
operationswould be of significant valueto the surgeon, resulting
in a higher chance of successful surgery [15,25,26]. The
theoretical implementation of IGS is that guides such as 3D
virtual representations of anatomy, built from preoperative
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scans, are overlaid onto the patient in order to allow the surgeon
to see anatomy below the surface and more easily identify
structures, as well as the boundaries between them. This is
intended to speed up procedures, reduce trauma, and reduce
recovery time [27].

However, significant issues remain with reaching this goal,
which can be broadly divided into technical and usability issues.
An important technical issue is registration, the process of
aligning virtual components with their physical counterpart.
Registration requires enough identifiable points, which can be
known as markers, to be present on both the virtual object and
the physical anatomy in order to map oneto the other, and in a
lot of cases, there are not enough. Machine learning algorithms
have been used to approach this problem and generate nets of
points across both objects, then map them together [28]. Bertolo
et al [29] cite registration as a prominent unsolved challenge
and state that in the era of “precision surgery,” clinicians will
expect error margins to be negligible.

In addition to the technical issues, it is still unclear how best to
present virtual content to a surgeon for IGS. Dilley et al [30]
suggest that even with perfect registration, surgical performance
is reduced when virtual content is overlaid onto the surgical
site. Their work suggests that even in a currently fictional
environment where perfect registration can be achieved,
projecting the images used for guidance beside the patient,
unregistered, provides a better outcome.

Determining the best way to present virtual content is one of
many usability issues that remain unsolved. Successfully
determining what virtual content isbest to display to asurgeon
can only be useful if the methods the surgeon uses to interact
with the content are intuitive, unobtrusive, and effective. The
study by Eddie [19] suggests that the visualization and
interaction challenges are the biggest challenges facing AR
surgical guidance.

AR IGSislikely to provide significant value to surgeons once
its value and accuracy can be proven. However, there are
multipleissuesthat al need to be overcometo achievethis. IGS
isfar from the only application of clinical AR to provide value
[31].

Modern Clinical Applications

Modern clinical applications of AR can broadly be split into 3
categories: intraoperative (eg, AR IGS discussed above),
education and training, and presurgery tasks. The educational
and training applications of AR are very broad, ranging from
using AR to facilitate the learning of anatomy to safer, more
repeatable surgical training [32]. AR hasthe potential to provide
more immersive, repeatable, readily available training and
education in the medical field, allowing everyone from medical
students to qualified surgeons to take in new knowledge in a
new way [4]. In situationswhere aqualified surgeon islearning
anew procedure, AR alows a safer, no-pressure environment
for the surgeon to understand how the procedure works and
repeatedly practice the intricacies [33].

There are several applications of AR in the presurgery domain,
principally, diagnostics and surgical planning. AR for surgical
planning allows the surgeon to view preoperative images such
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as computed tomography (CT) and magnetic resonanceimaging
(MRI) images, as 3D models of the surgical site before the
procedure [15,34]. This is suggested to allow the surgeon to
gain abetter understanding of the surgical site and relationships
between structures, meaning they can plan how a procedure
will be approached and be more prepared for potential
complications [35].

Douglas et a [36] suggest that using AR could improve
diagnostic accuracy and speed up the diagnostic process when
viewing cross-sectional images such as CT and MRI. Pelargos
et a [37] state that “surgical planning is inherently a 3D task”
and that virtual reality and AR technologies could help by
improving the understanding of the complex anatomical
relationships. These tools have the potential to offer better
visualization of areas of interest and therefore improve the
understanding and the speed at which decisions can be made
[34,38]. Trestioreanu et a [39] arguethat AR and virtual reality
have the potential to improve radiology health care by improving
the cognitive experience, by reducing the cognitive load that a
clinician undergoes when viewing 2D dlices of 3D anatomy.
They go onto suggest that while afew 3D visualization methods
currently exist, they do not offer the increased practicality or
ergonomics that AR approaches could offer.

Asit stands, thereisvery little AR in day-to-day clinical practice
[6,19]. The literature discussed above has directed our work to
focus on investigating where AR could be applied in the
presurgical domain around radiological images and what value
thetechnology could bring. Thisisapromising areaof research
where AR technology could be harnessed effectively. Our work
is positioned to direct future research and contributes to the
body of literature directing the development of AR applications
for radiology, based on expert end user experiences.

Methods

Ethical Considerations

Thiswork was granted ethical approval by Newcastle University
ethics committee (27432/2022). Participants gave their informed
consent to the interviews, and it was made clear that they could
withdraw their participation at any time. Ages of participants
were captured as ranges and demographi ¢ information captured
was kept to a minimum to maintain participant privacy.
Participants received no compensation for their time.

Recruitment Process and Participants

For this study, 14 semistructured interviews were conducted
with medical professionalsfrom arange of specialtiesto enable
us to determine how practices and perspectives around
radiological images vary across specialisms and hospitals. Five
of these interviews were with radiologists with various
subspeciaties, whilethe remaining 9 were with other consultants
in areas such as cardiology, cardiothoracic surgery, general
surgery, orthopedic surgery, and clinical oncology. Participant
demographic details are summarized in Table 1. All of the
participants were male, which is acknowledged and discussed
in the Limitations section. Demographic questions were
voluntary, and as such, some participants chose not to share
some personal information, which is denoted in Table 1 with
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“— The participantsworked at 8 different hospitals, 5 of which
were in the Northeast and Northwest of England. Two of the
remaining were London hospitals, and one on the South coast
of England. Initia participants were recruited through the
authors' host university medical school via public staff lists.
These participants were then asked to refer other potential

Table. Participant demographic information.

Hobbs et d

participants, especially from other hospitals and regions of the
United Kingdom, having a snowballing effect. One of the
participants was previously known to the researchers, 2
participants were recruited through mutual acquaintances, and
all others were previously unknown to the researchers.

ID Age range (years) Ethnicity Role Timein current role
A 45 - 54 White British Consultant interventional 19 years
cardiologist
B 45 - 54 Mixed White Consultant cardiologist 11 years
Asian
C 45 - 54 Indian Consultant cardiologist 14 years
D _a — Consultant oncologist —
E 55 - 64 White British Cardiac surgeon 20 years
F 55 - 64 — Consultant interventional —
and diagnostic neuroradiolo-
gist
45 - 54 White British Thoracic surgeon 11 years
H — — Orthopedic surgeon —
| 45 - 54 White Consultant general surgeon 10 years
J 55 - 64 White British Cardiothoracic surgeon 5years
K 25-34 Mixed White Consultant neuroradiologist 9 months
Arab
L 35-44 White British Consultant rediologist (nucle- 10 years
ar medicine)
35-44 Indian Consultant radiologist 4years
N 35-44 White British Consultant cardiothoracic 4 years
radiologist
3ot available.

Interview Process

Semistructured interviews were chosen over fully structured
interviews in order to be more open-ended and allow greater
flexibility for free conversation. The interviews were all
conducted over Microsoft Teams (Microsoft Corp) and lasted
between 30 minutes and an hour. Fourteen questionsweredrawn
up based on prior reading in the area, in context with the aims
of the interviews. The first objective of the interviews was to
act as a means of gaining knowledge of relevant medical
specialisms, their current working practices, and collaboration
methods across NHS trusts. This way, the authors could build
a solid base of knowledge of the field that alowed an
appreciation of the context and the identification of nuance in
practice. The current practice surrounding radiological images
was a key point here. This included establishing how images
are used, the tools used to interact with them, how the tools and
requirements change between different specialties, and what is
gained from theimagesthemselves, that is, what questionsthey
are used to answer. This continued into establishing the current
workflows around these images, the communication between
stakeholders in reference to imaging, particularly the
communi cation between these hospital-based consultants, how

https://xr.jmir.org/2025/1/e68810

information flows between stakeholders, and what this process
looks like from a patient’s perspective.

The clarification of this base knowledge laid the groundwork
for morein-depth questions expl oring the opinions around these
areas. how useful the tools are, how the tools vary, and how
personal preference influences both the use of tools and the
practice itself. This was then followed by questions about their
experience level, their use, and the utility of AR, which were
intended to explore the current uptake of this technology and
opinions on AR as it exists at the current point. Finally, there
were questions about the future of the participant’s specialty
and what technologies they saw as having a notable impact.

Analysis Process

Overview

The interviews were recorded and transcribed, providing 14
transcripts that could then be subjected to reflexive thematic
analysis. Thisallowed the authorsto establish trends and reveal
insights across the whole interview dataset. Thematic analysis
is a set of methods for data analysis to develop, analyze, and
interpret patterns across aqualitative dataset. Reflexive thematic
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analysis, developed by Braun and Clarke [40], isaninterpretive
qualitative approach that encourages critical reflection of the
role the researcher plays in the analytic process and their
research practice. Braun and Clarke talk about the inherent
presence and necessity of biases and how they are integral to
reflexive thematic analysis. Reflexivity isintegral tothisanalysis
method, “We must question why we think what we think. Bias,
prior knowledge and who we are shapes subjectivity” [41].
Thematic analysis is a set of interpretive qualitative analysis
methods, and as such, the researchers’ perspectives and biases
are used astoolsfor analysis. It isimportant to understand these
biases when carrying out this form of analysis in order to
understand the context used to come to conclusions and how
that context influences the conclusions. It is at this point that
we, as authors, must consider our positionality.

Positionality Statement

We cannot expect the interviews to uncover the full range of
opinionsand practiceswithin aparticular medical specialization,
but we aim to include a sufficient range of participantsin order
to be representative of the area. Where thisis not possible, the
researchers acknowledge which groups could not be recruited
and the effect this may have on the analysis. Authors 1 and 2
(JH and CB), who conducted the analysis, are computer
scientists in Open Lab, a Human-Computer Interaction (HCI)
laboratory inthe School of Computing at Newcastle University,
United Kingdom, with experiencein digita health, but no formal
medical training. Our expertise liesin qualitative methods and
designing technologiesfor specialist user groups. Theremaining
authors contributed and provided additional context after the
analysis was completed. These authors can be considered
tech-savvy and protechnological innovation, which will lend
the interpretations of the analysisto following this philosophy.
Other researchers will bring different perspectives and have
different experiencesinforming their analysisand will, therefore,
come to different conclusions.

I mplementing Reflexive Thematic Analysis

Thematic analysis is an overarching term for a flexible set of
methods designed to interrogate qualitative data. This study
follows the updated version of reflexive thematic analysis by
Braun and Clarke [10], which builds on their original work [40].
It is appropriate for this study asthe aim of the analysiswasto
understand the common themes and contradictions across all
14 interviewsin order to provide rich insights across a range of
specialties [42]. A reflexive approach was applied to this study
to foster an organic coding process and to use researcher
subjectivity asatool. Thisapproach meansthat “themes cannot
exist separately from the researcher—they are generated by the
researcher through data engagement” [42] and isadirect result
of researcher subjectivity being positively exploited. While
thematic analysisis atheoretically flexible set of methods, it is
important to understand the theoretical base and assumptions
being brought to the analysis [9]. For this study, the authors
approached the analysis from a relativist ontological position
and used a constructionist epistemology. This means that the
authors could explore the meaning from the participants in
context and be directed by this, constructing meaning and
evidence through the analysis. This is opposed to a more
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traditional realist postpositivist approach, whereit isconsidered
that a single objective truth exists within the data, and it is the
researcher’sjob to find it [10,43].

As defined by Braun and Clarke [10], an inductive coding
process was used in this study. This was to enable the focusto
be put on the participants experiences and opinions, and as
such, allow themes and contradictions between participants to
be brought to the surface. As previously mentioned, this
inductive process was colored by inherent epistemological and
ontological assumptions as “you cannot enter a theoretical
vacuum when doing TA” [44]. In asimilar vein, a combination
of both semantic and latent codes was used throughout the
coding process. The semantic codes captured the explicit,
surface-level detail that was being communicated while the
latent codes grasped the deeper, more implicit points being
made. This combination allowed for athorough and meaningful
analysis.

In terms of the analytic process, for reflexive thematic analysis,
Braun and Clarke [10] detail 6 phases: familiarization, coding,
initial theme generation, developing and reviewing themes,
refining, defining and naming themes, and writing up. The
familiarization phase was achieved in 2 ways, first, with the
lead author conducting the interviews, there was an initial
exposure to all of the data in the context it was given. Second,
through the transcription process. Automated tools were used
for the bulk of the transcription, but the lead author checked
each transcript against the interview recording. This ensured
that the transcripts were accurate while also contributing to the
familiarization phase of the analysis. The coding and theme
generation were primarily carried out by the lead author, with
the second author offering opinions and challenging decisions
after each round. Two full coding rounds were completed, and
theme generation was completed over 3 iterations with the
second author contributing opinions after the initial coding of
2 transcripts, again after al transcripts had been coded and
between iterations of theme development. This contributed to
the robustness of the coding and theme generation phases, asit
was an opportunity for biases and assumptionsto be questioned.
The second author contributed to the analysis by reviewing
initial codes and themes and probing into the reasoning behind
them. This provoked further reflection on the codes and themes
throughout the analysis process and meant that assumptions
could be challenged, resulting in a deeper meaning being
developed. Initial coding resulted in several hundred codes, but
upon review, in between and after each coding round,
similarities between codes wereidentified, and clustering codes
together allowed for easier interpretation for theming. We then
initially grouped codes into 12 broad patterns (eg,
multidisciplinary teams[MDTS], personal preference, increased
reliance on imaging, and relationships with imaging), which
could then be reviewed between authors and the logic or biases
challenged. These were then iterated on with the context and
theoretical positioning discussed above to develop the themes
presented below. Each theme articulates a different aspect of
the conversations had while sitting within the context of this
work.
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Results

Overview

The results are presented as the 4 themes developed through
the thematic analysis process. These 4 themes are that
communicationislargely verbal or written, which acknowledges
observations around how communication is conducted regarding
radiological images and how it is mostly via the radiologists
report and in MDT meetings. Inconsistencies and personal

Table. Theme table summarizing themes and characteristics.

Hobbs et d

preference in practice encapsul ate the extent to which personal
preference and other choices change practice. Extended reality
(XR) maturity for surgery covers the opinions of current XR
technology, AR in particular, and how there is potential for it
in certain areas of practice, but there are till significant issues
preventing the mass uptake. Finally, increased reliance on
imaging is aknown issue in radiology, but this theme explores
the opinions in this area and the potential ramifications
interviewees believe they will experience. These themes are
summarized in Table 2.

Theme Subthemes

Characteristics

Communication islargely verbal or written *  MDTS
«  Written reports

« Anintuition of knowing what questionsthe
next clinician will ask

Inconsistencies and personal preferencein prac-

tice « Discrepanciesin tools used
XRC maturity for surgery —d
Increased reliance on imaging «  Efficiency required

«  Acceptability of new technology

Discrepanciesin reporting

MDTsand radiologists written reports are stored

and interacted with viaPACS®. MDT communi-
cation is high-level, aiming to reach decisions
quickly.

Tools, expertise, and practice vary between con-
sultants, departments, and trusts. Given the same
tools, dightly different results are likely to be
reached.

Current technological state of theart. The poten-
tial impact of AR® technology.

Efficiency isabig concern for everyone, but
particularly radiologists. The appeal of new

technology to clinicians varies—value must be
proven.

AMDT: multidisciplinary team.

bpacCs: picture archiving and communications system.
®XR: extended reality.

INot available.

€AR: augmented reality.

Communication IsLargely Verbal or Written

Including avariety of hospital-based consultants as participants
in this study provided insight into the communication between
these 2 parties and how radiological images are used in this
process. Two of theimportant opportunitiesfor communication
in terms of radiological images are the radiologist’s written
report and the MDTSs. The report written by the radiol ogist with
their interpretation of the scan will aim to answer the clinical
guestion that accompanies the scan and will be read by the
referrer and any other consultant who hasastekein that patient’s
care. Any unrelated incidental findings will also be reported.
For straightforward cases, thiswill be the only communication
between the reporter and referrer; more complex casesarelikely
to be sent to an MDT. These MDTs will have at least one of
every specialist relevant to the pathology present, and caseswill
be discussed as a group with each participant putting forward
their views. It was made clear by participants that MDTs were
introduced to help make better-informed decisions and to lift
the responsibility of decisions from 1 person. Participant L
described that these meetings aim to “make a good decision
quickly.”

The reports that accompany scans are the key value that
radiologists contribute to the point where, for more
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straightforward cases, a referrer may not look at the images
when planning the next step of the patient’s care. Participant A
said, “for most relatively simple questions, | would just go by
the report.”

The MDTs are the main point where cases are discussed and
decisionsare made with the full range of expertise. During these
meetings, the radiologist will share relevant images and talk
through the salient details with the group of specialists so that
each can put forward their opinion. The images are not likely
to be viewed for an extended period of time here, asMDTs are
generally ahigh-level discussion, and therewill bealot of cases
to get through in minimal time.

A trend across the interviews was the notion of knowing what
information the next clinician in a patient’s line of care will
need in order to do their job, aswell asthe radiologist sculpting
their report and the presentation of information at the MDT
toward that. Participant L said, “1 dothesame MDT every week
and have done for 10 years. So we're a bit more experienced
[..] so that we know what they want in those specific
circumstances.” They then went on to talk about reporting scans
from other hospitalsand said, “1f you don’'t know your referrers
you don’t know how they like their reports or whether there are
specific things on there they want or things like that. So it's
better to report scans from your hospital for a number of
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reasons.” There is the idea here that knowing, or having an
intuition of the next steps of care, will have an impact on how
information is portrayed.

Additionally, it is clear that while radiological images are
essential to communicating information and making decisions
for patients' care, they play a supporting role and are only the
center of attention to the radiologist reporting them. Each step
after this, the radiologist distils the information down to the
relevant points, chosen based on experience and specifically to
answer relevant clinical questions.

Inconsistencies and Personal Preferencein Practice

Overview

This theme encapsulates and describes the observed
inconsistencies in practice between the range of specialists
interviewed, and how much of arole personal preference plays
in the details of practice. This is split into 2 subsections:
reporting and tools.

Reporting

Across the dataset, particularly in the interviews with
radiologists, the subjective nature of image analysis was made
clearr Most of the radiologists used the term
“interpretation.” Participant L said, “And my interpretation of
it, if someone else hasreported it, | will changeif | don’'t agree
with it” in the context of reviewing cases before an MDT
meeting. This subjectivity around the details of reporting
presented itself directly through radiologists referencing it and
also through radiologists talking about confirming others
“opinions.” Participant L said, “when I'm allocated to do
attending [...] we do get a lot of telephone calls asking for
opinions from scans which have been done at other hospitals.”
The data suggested that the uncertainty was greatest between
departments or between hospitals. Participant N said, “if one
of my colleagues hasreported it [...] usually | just look at what
they’ve said, becausel’ m alwaysgoing to agree.” Thissuggests
that within departments, experiences and expertise are shared
and therefore create an isolated unit of consistency.

Radiologists also talked about sculpting their reports for those
who were going to read them. Theradiologist participants made
it clear that in many cases, they know how specific consultants
like their reports or that they know what questions such a
consultant would have, and therefore, they writetheir report for
them. Thisimpliesalevel of inconsistency around what content
should bein areport, and that efficiencies are gained by working
with the same peoplefor an extended period of time and getting
to know how they work. Additionaly, part of medical
knowledge comes from the scenarios that individuals have
experienced and the results of reactions to those scenarios.
Participant N recalled 1 difference between him and a colleague
who has recently retired was “He's coming at it with far more
experience and that will colour his opinions of all the things
he's seen and the things | haven’t seen. Likewisein certain areas
I’ve trained for more recently than he has so some of the more
modern things | might have done a little bit more of.” This
experiential part of medical knowledge will likely lead to
inconsistency in how scans are reported, as different reporters
will bring different knowledge and experiences.
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Tools

The use of different tools between different departments and
trusts was immediately apparent, with persona preference

playing akey role.

Picture archiving and communications systems (PACSs) are
the systems used in hospitals to store, view, and report
radiological images. With many vendors available, it is each
NHS trust's decision which to buy into. While PACS
implementationswill have acommon set of functions, different
vendors will have subtly different implementations. This leads
to trusts choosing a system that is most appropriate to their
specific requirements. As such, interoperability, and in
particular, image exchange, between trusts becomes an issue.

The use of third-party tools was a clear example of personal
preference throughout the interviews. Third-party tools are a
department-level decision, and as such, there was considerable
variation in the choices made. Participant J said, “we haven't
bought into any of that market [...] because we think at the
moment, if you have a one millimeter or less dlice
contrast-enhanced scan, with our PACS system, you should be
ableto reconstruct and see sufficiently.” Conversely, participant
N had morethan 1 third-party tool availableto use and described
1 of thethird-party toolsthey use as“fairly ubiquitousin cardiac
MRI."This demonstrates that there is some consistency
regarding the tools that are used within specialties, but across
specialties, there are differing views toward the built-in tools
availablein PACS systems.

Throughout theinterviews, therewas alot of conversation about
2D versus 3D methods of viewing cross-sectional radiological
images, such as CT images. Most participants saw 2D slicesas
enough. Participant | said, “You scroll through [the 2D slices]
using the mouse wheel and I'm building up a picture going
through theimages. And | haveto say that’s more than enough.”
Other participants, both radiologists and surgeons, said similar
things. 3D techniques were used in specific scenarios, such as
looking at the whole surface of astructure, such asthe skull, as
noted by participant K. Generally, 3D images were used for
specific questions, but participants claimed they did not add
very much value beyond that.

However, there were situations where 3D techniques were very
valuable. Participant H, a thoracic lung surgeon, used a
third-party company to reconstruct cross-sectional scans into
highly accurate 3D models to be able to plan their operations
better. They commended its value, but due to the cost per case,
said it cannot be used for every patient; they said, “the
frustration is that we can't haveit for every single patient.” It is
clear then that traditional 2D techniques are still dominant, but
in certain groups, and in certain scenarios, newer 3D techniques
are adding value.

XR Maturity for Surgery

It was clear throughout the study that radiologists, surgeons,
and other consultants have very different relationships with
radiological images. Thisis unsurprising, but the analysis was
an opportunity to delineate these relationships and understand
the effect that they have on experiences and requirements of
current AR or XR systems.
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It was evident that radiologists spend a much more extended
period looking at images as they have amuch broader question
to answer. Radiologists will answer the clinical question that
accompanies the set of images, but they will also look at the
rest of the pictured area and report “incidental findings® if
required. Theseincidental findings are akey point of value that
theradiologists add. Surgeons, on the other hand, will belooking
to answer very specific questions that may affect or change the
operation they are about to conduct. One radiologist participant
summarized this difference as “If you have a brain surgeon
they’re going to be an expert in looking at things they can
operate on [...] But if you showed them something they can’t
operate on, like a stroke, they’re not going to recognise it. The
radiologist adds value in looking at all the other things on the
scan.” An example of this would be a radiologist measuring a
key structure pictured in the scan and including this
measurement in their report. The surgeon would then take this
measurement as information to use when deciding whether or
not to operate or when planning how to approach the procedure.

Acrossall participants, the experience of AR inclinical practice
was little to none, and the opinions of current systems were
consistent, particularly among the surgeon participants. The
view of the current systems on the market indicated that they
added very little value, and definitely not enough to overcome
the cost of buying into such technology. Participant E, acardiac
surgeon, referred to the systems they had experienced as
“perhaps not quite at the gimmick end of the spectrum, moving
a little bit away from that, but till there” There was some
inconsistency around opinions as to what role AR could play
in the future. Some participants could very much see the
potential valuein specific areas, while others could not see how
AR could improve their current capability or practice in any
way. Participant H, an orthopedic surgeon, looked into using a
Microsoft HoloLens (Microsoft Corp) to guide the placement
of implants, while participant I, a general surgeon, said the
presentation of scans as 2D dicesis“more than enough”to get
the information they need to operate successfully. Participant
H acknowledged the potential value of AR for thoracic lung
surgery but reinforced the importance of correct registration
and how this remains an unsolved issue with the current state
of the art.

One of the first things AR was suggested for is IGS, and it is
one of the applications that could be most valuable [45]. Most
of the surgeons spoken to in this study saw some role for AR
to aid surgery as being in the future of their fields. IGS has a
very wide scope with many different surgical fieldsand specific
interventions that could benefit from AR, and each will have
its own requirements. Robotic surgery is an obvious potential
application, as the surgeon is already looking at the operating
site through a headset of sorts. Participant J, a robotic thoracic
surgeon, when asked about the future said, “there’s got to be
more things that can be fed into your vision during your
operation” and commending the potential of guidance asaway
to reducerisk to patientsthey said, “there have been times, don’t
get me wrong, where | wonder where | am in the chest, and an
overlay at that point would be delightful because your fear factor
has gone up.” This is a demonstration of where AR could
provide tangible value in IGS. It may not be all surgical fields
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that benefit in this way, though; AR may be introduced in
another way. Participant E, a cardiac surgeon, struggled to see
how AR could helpintheir field. Giventhis constraint, AR may
be applied in a different way to add value, such as acting as a
head-up display with information likethe patient’svital statistics
or aview of the preoperative scans floating above the body to
act as guidance in a different way.

Increased Reliance on Imaging

Overview

Anincreased reliance onimaging isaknown issuein radiology
[8] within the NHS and has multiple contributing factors, but
thisislikely to have ramifications throughout the organization.
Across the interviews, the requirement for efficiency was
ever-present, particularly with the radiologists, as were the
acceptability factorsthat new technol ogies have to work through
in the medical field.

Efficiency

Already, there are more scans being taken than can be reported
by radiologists, and thisislikely to only increase[8] asimaging
is an essential part of modern practice [46]. Al for reporting
radiological images was brought up regularly in the interviews
when talking about the future and efficiency in particular. It
was nearly unanimous across all the participants who spoke
about it that it would have a big impact on radiology reporting
and the number of scansthat could be reported in agiven time.
With an increasing demand being placed on radiologists, the
backlog of images to be reported will only grow, increasing
waiting timesfor patients and potentially having negative effects
on their care. There was, however, disagreement over exactly
how Al would be used. Participant I, a general surgeon, said,
“intheory you could replace aradiol ogist with acomputer,”and
this was shared among afew others. However, the radiologists
saw Al, at least in the foreseeable future, as a tool for
radiologists rather than a replacement. Participant K, a
neuro-radiologist, said, “having worked in radiology for 6 years
and now ayear into being a consultant, | think it's difficult to
ever imagine a world in which Al could do everything that a
radiologist does,” and participant N, athoracic radiologist, said,
“Al’s got to get pretty good before it’s able to do that because
that requires alot of higher functioning and thought [...]-It's a
tool, and | seeit asatool going forward.”

Similarly to the reporting process, as more imaging is used,
MDTs will have to discuss it, and therefore, the process of
viewing and manipulating images will have to become more
efficient. Radiologists attending an MDT will likely have to
review many scans that may have been reported by someone
else, quickly, as preparation. Participant N said, “you only get
a couple of minutes per case to prep the MDT. Because
obviously there's quite alot of cases, so | couldn’t realistically
re-report every singlescan.” It isherethat the radiologists check
that they agree with how the scan has been reported, particularly
in uncertain or complex cases.

Acceptability

When looking to the future of medical technology, there were
several factorsthat repeatedly surfaced through the interviews.
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The first was phrased well by participant N as “technology
inertia,” which captures well the resistant nature of the medical
field. They went on to say, “I think it's [the medical field] less
open [to new tech], because of the stakes.” Thisis compounded
by other participants saying things such as “people get used to
a way of doing things” This all suggests that even if a new,
better technology is available, it takes a significant investment
in time and money to implement it in practice. Consultants do
not have the time to retrain on new equipment for a very small
gain in performance. Current methods are quick through
experience and practice and are therefore preferred to retraining.
There is a positive attitude toward new and beneficia
technology, as evidenced by participant A who said, “I quite
like moving with new ideas where possible” However, thisis
inconsistent between consultants and not always reflected in
the uptake of new technology.

Where there was mention of resistance to new technology, there
was often the mention of how age affected this. Participant N
said, “to some extent you do rely on younger colleagues coming
through to help you innovate, | guess.” This adds to the line of
thought that even though new technology may be an
improvement, it takes a push to get through the inertia. Just as
younger colleagues help the more established to innovate, we
must provide a means by which new technology can be
effectively demonstrated in order to overcome thisinertia.

Discussion

Principal Findings

Acrossal of the themes described in the results section above,
there were several linkages. Efficiency came up explicitly and
implicitly throughout the interviews, and thisisreflected in the
themes. Thereisapersistent reference toward the fact that there
are more images taken than can be reported and that this
workload islikely toincrease[8]. Inthisvein, thereisgeneraly
a positive view that new technology has value to provide the
medical field, but a contradictory view that current tools,
systems, and processes are good enough to obtain the results
required and to do the job well. The opportunity here is to
understand the clinical requirements and issues being faced and
suggest how AR could be used to alleviate this pressure. This
section takesthe above results and presents 3 designimplications
as an output, which stand as the core contribution of thiswork.
These design implications, presented at the end of thefollowing
subsections, are intended as considerations to be made when
investigating the devel opment of AR systemswithin health care.

After the interviews had taken place and the analysis had been
completed, one of the participants was approached to join as a
coauthor (author 4). Here, author 4 reviewed the presentation
of the clinical side of the analysis and provided further clinical
context to the design implications that are presented bel ow.

Whereto Go With the Current Technological
Capability

AR has a great deal of value to offer, but it is an emerging
technology [47] and has limitations that need to be taken into
account when applying the technology. It is important to
acknowledge the capabilities of the state-of-the-art AR
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technology, as well as its limitations. To have this technology
deployed in this sector, there must be proof of the value within
the limitations. As discussed previously, AR cannot currently
reach acceptable margins for IGS. However, over time, as the
technology develops, the technological limitationswill dissipate,
and applications that demand tight margins, such as IGS, will
become more feasible. Once AR can be proven to function
within the acceptable margins of 1GS, there is huge value to be
gained [25]. Many of the surgeonsinterviewed saw the potential
value of AR IGS, and the literature supports this [45]. Before
this happens, AR till has value to exploit, and it must be
determined where the technology can be used to make a
difference in its current form. In this section, we suggest
radiology as aninitia application for integrating AR.

Two key recurring points in our analysis are important here:
the desire for efficiency in the workflows around radiological
imaging, particularly from radiologists, and the ways in which
images are engaged with at each stage of the workflow. Our
analysis suggests that there are 2 important points of
communication regarding radiological images:. theradiologist’s
written report and the MDTSs. In both the report and the MDTS,
the images are, of course, integral, but the time spent on the
images after they have been reported can be minimal. Thisis,
in particular, in situationswherethereisarelatively simple case
and the radiol ogist knows which consultant will be reading the
report. They are therefore able to pre-emptively answer the
guestionsthe consultant islikely to ask. This matter of minimal
time spent looking at images continuesto the surgical planning
stage. All the surgeons interviewed said that this was a short
task where they were looking to answer specific questions that
would impact the feasibility of an operation or how an operation
would be performed, not acomplete reeval uation of theimages.

Thereguirement for efficiency came up repeatedly, particularly
from the radiologists point of view, and this is consistent in
theliterature[8]. Asdiscussed previoudly, the reporting of scans
is going to have to become more efficient as the number of
scans taken already exceeds the number of scans that can be
reported. Thisextendsto theradiologists preparation for MDTS,
where each case must be reviewed by the radiologist attending
the MDT in advance.

In response to these points, we suggest radiology as a starting
point for integrating AR into health care, as we believe that the
inherent interaction benefits of AR are well placed to be
exploited when viewing 3D images. This could giveradiologists
abetter appreciation of the anatomy in a shorter period of time
and help them understand rel ationships between key structures.
It may also be used here to take more accurate, quicker
measurements of key structures that could help surgeons be
better prepared for interventions. This could be of benefit in
terms of efficiency.

In addition to this, radiologists spend a significant amount of
time with the scans for each case, much more than any other
clinician at any other stage in the workflow. This means that
the value of using AR can be maximized, and limitations such
as the cost of equipment and the learning curve of using it are
limited.
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Establishing AR in radiology could then alow some usability,
procedural, and technological issuesto be researched further as
part of this deployment of AR. This could then prepare the
technology for future deployment in scenarios where there are
currently other limitations. Using this as an opportunity to
research AR usability in health care, while adding value to the
clinical workflow, would be invaluable, as usability issues are
as much of a limiting factor to the implementation of AR as
technological issues.

This leads to our first design implication: acknowledging AR
technology’s limitations and the benefitsit can provide, namely
theinteraction potential, AR should be exploited to help increase
the efficiency of radiologists reporting scans. This should be
followed by clinical evaluations proving the efficacy of the
technol ogy, which may then encourage research into expanding
the technology into other disciplines as the technological
limitations are mitigated with continued devel opment.

Acknowledging the technology’s limitations and working with
its advantages will allow value to be added to processes almost
immediately. We argue that radiologists are well placed to
exploit value from the interactions that existing AR technology
affords, likely resulting in increased efficiency; whether that is
the whole reporting process or a subset of tasks such as taking
measurements.

3D Views Complement 2D Views

Throughout the interviews, 2D versus 3D viewing methods of
cross-sectional scans, such as CT and MRI, were a key
discussion point. The overwhelming majority were of the
opinion that 2D dlices of scans in 3 planes were more than
enough to gain the information that they required. Some went
on further to say that 3D methods lose something over 2D
because it is more difficult to look at the internal structures.
Thiswas contested in aminority of situationswhere 3D methods
had various specific application areas, such as looking at the
surface of the skull and reconstructing lung scans for planning
resections. The general consensus was that 3D reconstructions
are useful for very specific tasks but add little beyond that.

This suggests, and is intuitive, that the main issue with 3D
methods for the participants is the inability to see the same
internal structure information that is shown with traditional 2D
slices. There was no direct issue with 3D forms; rather, the
current 3D viewing methods do not add any value. The
opportunity hereisto use AR to provide the same information
that traditional 2D dlices provide while adding value with the
third axis. This may enable the radiologist to appreciate the
information of the internal structures in the context of the full
3D form in a more intuitive manner. This could aso enhance
communication and allow a greater shared understanding.

There are examples of using AR in such ways [48], but this
interaction has yet to be proven. In order to be accepted by
radiologists, the scans shown in 3D in AR must show at least
as much information as 2D slices while providing additional
value in some other way, such as an enhanced interaction. This
valueislikely to bein the interaction, as viewing 3D anatomy
in 2D images is less intuitive than viewing it in 3D, where
further context and rel ationships may be more visible. The point
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hereisto demonstrate the additional valuethat AR can provide.
Thismay be difficult, as our analysis suggested that the medical
field is quite resistant to change and new technologies. But if
it can be demonstrated well and the value tranglates into better
appreciation of structures, quicker turnaround time, or higher
throughput, AR will likely become commonplace in radiology
offices.

Thereis clearly big potentia in AR IGS, our analysis and the
literature [25] show this, but both also show that it is one of the
most challenging areas of research. As discussed previoudly,
there are multiple technol ogical issues and usability issues that
need to be resolved to unlock this value that are well
documented in the literature, with some suggesting that usability
considerations of AR are among the most significant potential
barriers to the technology’s success [19]. A credtive,
out-of-the-box approach to these usability problems could allow
the successful implementation of AR in heath care and,
therefore, be a source of great value, allowing the benefits that
the technology affords to be exploited in a much wider number
of scenarios.

Here we argue for the creative implementation of AR, playing
to the strengths of the technology and not ssimply recreating
existing capability in a new medium.

As with the example above, using 3D viewing methods has
limited usein current practice, and 2D views are dominant. But
given the third axis and immersiveness that AR provides, do
3D views provide something that is difficult in 2 dimensions?
For example, better appreciation of complex relationships
between structures. Or are 3D images easier to interact with,
providing an easier or more accurate way to take measurements
of structures of interest?

Designers must be explicit about why AR isappropriate for the
application and what value it provides while using creative
practicesin order to realize the full potential of AR. Thisisthe
second design implication we suggest: creativity must be used
in the implementation of AR; simply recreating existing
capability in anew medium should be avoided, and the strengths
of AR should be played to in order to add value to the clinical
scenario while maintaining prior ability. In the context of 2D
versus 3D images, this could mean that the information provided
with 2D dlicesis still available, while also providing additional
contextual information with the third dimension.

What Doesan “ Augmented-Reality-First” World L ook
Like?

Our analysis suggests that there would be limited value in
applying current AR technology individually to surgical
planning or for use in MDTSs, as current imaging techniques
give consultants adequate information to make the decisions
necessary in these situations. Furthermore, the images
themselves are not used for a very long period for these tasks,
and as such, the value gained from viewing the imagesin AR
would have to be great in order to be worth the cost of the
equipment and the time taken to put on, boot up, and engage
with an AR headset. Thisis in addition to the initia strain of
rewriting procedures around the new technology and thelearning
curve of engaging with the new medium.
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This can be held true for today’s “desktop-first” world, where
keyboard and mouse are universally dominant. But looking
down the road as AR technology develops and its presence
increasesin daily life, thisislikely to change. In this scenario,
where an AR headset could be an extension to a desktop
environment, the previous limitations (of cost, learning curve,
and clinical practice adjustment) are negated, and the
cost-benefit ratio of AR in these situations becomes more
amenable.

In this “AR-first” world, the use of an AR headset is as
embedded in practice as the use of a normal monitor. Thereis
likely to be a set of tasksthat clinicians complete that could be
improved in some way with AR. Reporting scans, MDTSs, and
surgical planning could be 3 examples. For these tasks, the
headsets would be ready to run alongside, or instead of, the
main desktop environment, and as such, the setup and
engagement obstacles are averted. AR would be seamlessly
integrated into practices, enabling the benefits to be exploited
and made the most of . It isthis concept of integration that came
up repeatedly in different forms throughout the analysis, for
example, learning curve, rewriting processes, resistance to new
technologies, and efficiency.

Thinking about speculative scenarios such asthis, where certain
obstacles are put to one side, allows us to highlight other
potentially more nuanced concerns and opportunitiesthat should
be considered when designing AR applications for this space.
It also allows speculative consideration of the breadth of value
the technology could bring in isolation, without being
overshadowed by current technological or procedural limitations.

Theintegration of any new technology into clinical practice can
be as significant a hurdle as devel oping the technology itself,
with many concerns residing under the umbrella of
“integration”; things such as cost, learning curve, and the
rewriting of procedures. However, for the AR, what could be
gained if the technology is successfully integrated in the right
places? Our analysis suggests that AR brings value in its
versatility. It will never beat itsbest if only used for 1 task. The
highest value will be attained when many AR-enhanced tasks
are considered. If an AR headset were integrated into practice
and ready to deploy for several smaller tasks (such asreporting
scans, discussing images in MDTSs, and viewing images for
surgical planning), much more value would likely be gained
relative to implementing just one of those examples.

The first hurdle of successfully integrating AR into 1 point in
aworkflow and proving value for thisonetask will likely result
in the technology cascading into surrounding tasks, slowly
reaching toward maximizing the cost-benefit ratio.

Our analysis suggests 2 main factors would have to be proven
to enable an “AR-first” environment. First, is the cost-benefit
ratio of the technology. It must be demonstrated that the number
of tasks AR could be used for and the benefit that it provides
in each of them isworth the cost of buying into the technology.
Second, the technology must be integrated into practices well
enough to the point where putting on and starting up the headset
is not an obstruction to the work being done. This will be a
significant challenge as it requires the rewriting of some
practicesand, therefore, alearning curve when using the systems
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for thefirst time. It also requires more targeted human-centered
HCI research as opposed to a sole focus on the devel opment of
AR technology. Targeted HCI research could map this space
more effectively, solving some usability issues and laying the
groundwork for more advanced AR technology to stand on.

This leads to the final design implication: AR brings value
through its versatility. To obtain the most out of this versatility,
it must be considered how AR tools integrate with existing
workflows and how they will be used in order to create a
seamlesstransition toward wider uptake of the technology. The
technology should be integrated in such a way that negative
disruption to existing workflows is avoi ded and maximum value
can be gained from multiple workflows.

Future Work

These design implications aim to help direct and inform future
research, while also aiding in decision-making when developing
AR applications in this space. Future work will develop these
design implications further and test their feasibility by
developing acase study application. Thiscase study will conduct
further user research and then incorporate the outcomes of this
with these design considerationsinto aprototype. This prototype
will then be evaluated by users against the design implications.

This work could also be expanded by focusing on medical
education and training. We chose to focus on the clinical
radiological applications of AR for this study to contain the
scope and focus the design implications. However, participants
mentioned educational and training applications, and there is
literature supporting their development. Future work could be
done to expand or develop these design implications in this
space.

Limitations

Our qualitative analysisaimsto provide arepresentative insight
into the views and opinions of hospital-based consultantsin the
United Kingdom along with their views on AR and the role it
could play in radiological imaging. However, we must
acknowledge the limitations of both the methodology and the
dataset.

Our participants were hospital-based consultants, largely from
the North East of England, with afew from the North West and
South. We successfully recruited arange of participants with a
range of specialismsto provide avariety of views and differing
contexts, which adds strength and breadth to this work.
However, a potential shortcoming of this participant pool was
our ability to only recruit men. Where possible, we took
appropriate steps to try and recruit women, but in part due to
this being a very male-dominated field [49], we were unable
to. This will restrict the gender diversity of the perspectives
presented, but it reflects the wider demographic trend in some
specialties. Future work should aim for a more diverse
participant pool.

Our study was limited to the United Kingdom, which we
acknowledge may limit the generalizability to wider audiences.
However, thislimitation iscommensurate with the scope of this
work.
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We also focused heavily on AR for radiological imaging with
little mention of AR for education or training. That isnot to say
that AR should not be applied to these areas, and it was brought
up by participants in multiple interviews. However, for this
study, we chose to focus on AR for radiological imaging in
order to focus on the design implications.

Conclusions

In this paper, we have presented the results of a thematic
analysis of interviews with hospital-based consultants in order
to investigate the role AR could play in radiological imaging.
We contribute 3 design implications for AR systems within
radiological imaging workflows based on the results of our
qualitative analysis and frame them in the context of the HCI
and medical fields.

The first design implication outlines the desire for efficiency.
AR has the potential to provide enhanced interactions, which
could allow for abetter appreciation of the anatomy and quicker

Hobbs et d

measurements. Radiologistsarewell placed to exploit thisvalue
as atool to improve efficiency because being able to view and
interpret images quickly would allow them to have a higher
throughput. Second, we suggest that AR tools need to be built
in such a way that no capability available with existing 2D
desktop workflows is lost either by using AR to complement
existing 2D workflows or by integrating the 2D capability into
AR. Finally, AR tools need to integrate and be interoperable
with existing radiology systems to minimize disruption to
existing workflows, for example, ensuring compatibility with
PACS. The value of AR could be exploited across health care
organizations if the technology is integrated well, and we
speculate on the impact of what an “AR-first” world may look
likeand how clinical practices may change werethisto happen.

This work also adds to the body of literature acknowledging
active surgeons' opinionstoward the potential value of AR 1GS
and motivates areas of future research into AR’s place around
radiological images.
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Abstract

Background: Virtual reality (VR) could possibly alleviate complaints related to chronic muscul oskeletal pain (CMP); however,
little is known about how it affects pain-related variables on an individual level and how patients experience this intervention.

Objective: This study aimed to gain detailed insight into the influence of an at-home VR intervention for pain education and
management on pain-related variables, and to exploreits feasibility and general experience.

Methods: The study applied a single-case experimental design in which an at-home VR intervention was used for 4 weeks by
patients with CMP who were on a waiting list for regular pain treatment. Outcome measures included pain-related variables,
functioning, and objectively measured outcomes (ie, stress, sleep, and steps). Outcomes were analyzed using data visualization
(based on line plots) and statistical methods (ie, Tau-U and reliable change index) on an individual and group level. In addition,
afocus group was conducted to assess feasibility and general experienceto substantiate findings from the single-case experimental
design study. This focus group was analyzed using inductive thematic analysis.

Results: A total of 7 participants (female: n=6, 86%) with a median age of 45 (range 31 - 61) years participated in this study.
A dataset with 42 measurement moments was collected with a median of 280 (range 241 - 315) data points per participant. No
statistically significant or clinically relevant differences between the intervention and no-intervention phases were found. Results
of the visual analysis of the diary data showed that patients responded differently to the intervention. Results of the focus group
with 3 participants showed that the VR intervention was perceived as afeasible and valued additional intervention.

Conclusions: Although patients expressed a positive perspective on thisVR intervention, it did not seem to influence pain-rel ated
outcomes. Individual patients responded differently to the intervention, which impliesthat thisintervention might not be suitable
for al patients. Future studies should examine which CMP patients VR is effective for and explore its working mechanisms. In
addition, future larger trials should be conducted to complement this study’s findings on the effectiveness of this intervention for
patients with CMP and whether VR prevents deterioration on the waiting list compared with a control group.

(IMIR XR Spatial Comput 2025;2:€58784) doi:10.2196/58784

KEYWORDS

virtual reality; VR; chronic musculoskeletal pain; CMP; single-case experimental design; SCED; user experience; self-management;
muscul oskeletal pain

next to the significant financial and societal burden [1].
Unfortunately, the effectiveness of biomedical treatment options
Chronic musculoskeletal pain (CMP), defined as pain lasting  fOF CMP does not seem to be very promising [3], since CMP
longer than 3 months, is a major problem and prevalent in usualy is _acomplex problem with an interplay of biological,
approximately 20% of adults [1,2]. CMP is associated with a  PSychological, and social factors[6].

decrease in quality of life and menta health problems [3,4],

Introduction
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Given the complexity of CMP, treatment should use a holistic
approach in accordance with the biopsychosocial model [5] and
neuromatrix theory [7]. Unfortunately, most more complex,
holistic interventionsfor CMP have awaiting list period, which
could have a deteriorating effect on patients with CMP [8].
Therefore, it might be sensibleto already start treatment during
this waiting list period. Virtua redlity (VR) is a novel,
therapeutic technology that is suitable for stand-alone, at-home
treatment [9]. VR is defined as “a collection of technologies
that allow people to interact efficiently with 3D computerized
databasesin real time using their natural sensesand skills” [10].

Even though VR for CMP seems promising, much is till
unknown about its underlying mechanisms (eg, distraction or
skills-building) [11] and influences on an individua level, as
previous studies applied a nomothetic approach [9]. Since the
principles underlying VR for CMP remain ablack box [12], an
idiographic approach iswarranted for acomplex condition like
CMP to gain insight into the influence of VR on individual
outcomes[13]. A single-case experimenta design (SCED) study
could increase understanding of theindividual experience[14].
SCED studies apply detailed assessment at numerous timepoints
[15] and have benefits over other designs, including patients
serving as their own control and being especially suitable for
heterogeneous samples, like CMP patients with a variety of
conditions [16]. A recent SCED study on VR for chronic low
back pain (CLBP) found that VR has the potential to reduce
CMP-related complaints, possibly through a combination of
distraction and modification of attitudes and beliefs [17]. We
expect that this VR intervention is suitable not only for patients
with CLBP but also for patients with other CMP conditions. In
addition, we hypothesize that VR might influence other outcome
measures like pain acceptance and interference, functioning,
and objectively measured outcomes.

Therefore, the aim of our study wasto (1) explore whether and
how aV R intervention has an influence on pain-rel ated variables
onanindividual level and (2) explorethefeasibility and general
experience of the VR intervention. To do so, patientswith CMP
received a pain education and management VR intervention at
homewhilethey were on awaiting list to receive pain treatment.

Methods

Design

This mixed methods study consisted of 2 parts. The first part
of the study applied a nonconcurrent single-case experimental
ABA-design on at-home, VR intervention for patients with
primary or secondary CMPwho were on awaiting list to receive
regular pain treatment. Phases A1 and A2 (no intervention) were
1 week before and 1 week after the VR intervention, fulfilling
the criterion for asufficient baselinein single-case designs[18].
Phase B (VR intervention) lasted atotal of 4 weeks. To report
and conduct the study, the Single-Case Reporting Guidelinein
Behavioural Interventions (SCRIBE) wasused [19], more details
in Multimedia Appendix 1. The second part of this study
consisted of 1 focusgroup with patientswith CMPwho received
the intervention. The aim of this focus group wasto gain more
insight into the general experience and feasibility (including
acceptability and practicality, which includes participants

https://xr.jmir.org/2025/1/e58784

Slatman et al

satisfaction and ability to use a new intervention [20]) of the
VR intervention and substanti ate findings from the SCED study.
This part of the study was reported and conducted according to
the Consolidated Criteria for Reporting Qualitative Research
(COREQ) reporting guidelines[21], more detailsin Multimedia
Appendix 2. Recruitment and completion of the study
procedures was from February 2023 to April 2023.

Ethical Consider ations

The medical ethics committee of Radboudumc provided a
non-WMO (medical research involving human subjects act)
waiver (2022 - 15829) to conduct this study. The ethics
committee of the University of Twente approved this study (RP
2022 - 174), as well as local ethics committees of the
participating health care organi zations. Participants gave written
informed consent before any study procedures and received €50
(US $52) for participation in this study after finishing all
procedures. All participant data was pseudonymized.

Participants

Participantswere recruited from 4 secondary care organizations
in the Netherlands (ie, Roessingh Centrum voor Revalidatie,
Roessingh Fijnrevalidatie, ZGT Nocepta, and Deventer hospital).
Patients were deemed eligible for participation if they (1) were
aged 18 years or older, (2) had primary or secondary CMP, (3)
finished first-line treatment, (4) were open to treatment with
biopsychosocia elements, and (5) were willing and able to
comply with the study protocol. Patients were excluded if they
(2) were not capabl e of finishing theintervention dueto physical
(eg, face wounds, severevisual impairment), mental (eg, severe
sensitivity to stimuli), or practical problems (eg, insufficient
tech literacy); and (2) had no comprehension of the Dutch
language.

Intervention

In this study, the Conformité Européenne (CE)—certified VR
intervention Reducept was used asadaily at-homeintervention
for 10 to 30 minutes per day for 4 weeks, thereby following the
intervention protocol dosage from the intervention provider.
Besides pain neuroscience education (PNE), the VR intervention
incorporates elements of several psychological therapiesinto 1
application: hypnotherapy, mindfulness, acceptance and
commitment therapy (ACT), and cognitive behavioral therapy
(CBT). The intervention was described in more detail in
previous studies [9,22,23]. The Pico G2 4K (Bytedance)
head-mounted display (HM D) was used in this study to provide
theimmersive VR intervention.

Procedure

Patients visited one of the participating centers of this study for
their pain treatment. After their intake, but before starting their
secondary care treatment (either [nonjinvasive pain treatment
or interdisciplinary pain rehabilitation), patients were screened
by their health care professional for possible participation in
the study. Patients were given the opportunity to participate in
our study or wait for their treatment on the waiting list without
receiving any other treatment. In addition, participants were
made clear that participating in this study would not have any
influence on the pain treatment they were on awaiting list for.
If a patient was deemed €ligible, he or she was contacted by
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their health care professional, who gave a brief explanation
about the study and asked for permission to forward the patient’s
contact details to the researcher (through a fully secured app:
Siilo). Next, the researcher contacted the patient by phone and
gave more detailed information about the study and asked the
patient to contemplate participating in the study. The patient
enrolled in the study by signing the informed consent and
received the first questionnaires (T0), the Garmin Forerunner
255 wearable, and the VR headset. The wearable and VR
headset were provided by the researcher and used by participants
for the duration of the study procedures. In the first week, a
detailed baseline was obtained by asking patients to use the
wearable andfill in the diary and weekly questionnaires, without
receiving the intervention (phase A1). After this phase,
participants carried out the intervention at home for four weeks
(phase B). Next, patients waited a week (phase A2) before
receiving the pain treatment he or she was on the waiting list
for. After phase A2 and during the period patients received the
pain treatment they were on awaiting list for, patients returned

Table. Overview of outcome measurements.

Slatman et al

the used equipment (ie, VR headset and wearable) and were
invited to the online focus group, using Microsoft Teams, about
the feasibility and general experience of the intervention. The
focus group was conducted by 2 researchers (SS and LH),
assisted by aresearch student assistant. Both SSand LH attended
various courses on and have previous experience with qualitative
research. Given this experience, there may have been
preconceived notions regarding VR for CMP. We aimed to
reduce potential biases by fostering open discussionsand critical
reflectionsthroughout data collection and analysis. None of the
participants had previous relationships with any of the
researchers conducting and analyzing the focus group. Thetopic
list used for thisfocus group is added in Multimedia Appendix
3.

Outcomes

The outcome measures are shown in Table 1. The TIIM app
(University of Twente, Enschede, the Netherlands) was used to
collect demographic information, diary measures, and weekly
guestionnaires.

Pre Week 1 Week 2 Week 3

Week 4 Week 5 Week 6 Post

Patient charac- 0O

teristics
Diary mea-
sures

Weekly ques-
tionnaires

Wearable data

VR? parame-
ters

Feasibility

3V/R: virtual reality.

Diary Measures

Thedaily diary questions consisted of 4 questions, based onthe
IMMPACT (Initiative on Methods, Measurement, and Pain
Assessment in Clinical Trials) recommendations for chronic
painclinical trials[24]: painintensity (ie, what score would you
give your pain today?), pain interference (ie, how burdensome
was your pain today?), physical functioning (ie, to what extent
did your pain restrict you in doing daily activities today?), and
emotional functioning (ie, how was your mood today?). All
guestions were scored on a 0 (lowest) to 10 (highest) scale. A
recent study showed that daily measures of pain and pain-rel ated
variables are both valid and reliable [25].

Weekly Questionnaires

Every week, participants were asked to answer 3 questionnaires
to measure pain self-efficacy (Pain Self-Efficacy Questionnaire
[PSEQ]) [26], pain acceptance (Chronic Pain Acceptance
Questionnaire [CPAQ]) [27], and pain coping (Pain Coping
Inventory [PCI]) [28]. These questionnaires were the Dutch
trangdlation of the original questionnaires, and al were shown
to have adequate reliability and validity [29-31].

https://xr.jmir.org/2025/1/e58784

Wear able Outcomes

The following outcomes were measured using the wearable:
physical activity (ie, daily steps), seep quality, and stress. Daily
deep quality was scored from O (worst sleep quality) to 100
(best deep quality) based on multiple factors, including sleep
duration, stress score during sleep, and restlessness. Daily stress
was measured using Garmin’s stresslevel from O (lowest stress
level) to 100 (highest stress level), which is based on the
participant’s heart rate variability (HRV). More information
about the construction of sleep quality and stress as outcome
measuresin this study can befound in the Garmin manual [32].

Other Outcomes

The following patient characteristics were asked at baseline:
age, gender, duration of CMP, comorbidities, pain location,
pain medication use, expectation of intervention, occupational
situation, education level (based on [33]), and experience with
VR for treatment and entertainment.

V R-related parameters that were monitored included usage and
module of the VR intervention.
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Thefeasibility of the intervention was explored using usability
data (ie, number of minutes used per day) and a semistructured
postintervention focus group with patients who received the
intervention.

Statistical Analysis

The results of the SCED study were examined using a
combination of statistical and visual analyses [34,35]. Phase
A1 of each individual participant was observed to determine a
stable personal control to note any revealing aterations for the
outcome variables measured in phase B. Both within-phase and
between-phase analyses were performed and checked for
patterns within participants. To determine changes in outcome
variables in SCED studies, it is recommended to use the
following factors to interpret the data: (1) raw data, (2) central
tendency, (3) trend, (4) variahility, (5) point of change, and (6)
overlap region[15]. All visual plotswere constructed using the
Shiny SCDA web application [36,37]. Besides this visual
analysis, outcomes of the diary questions and wearable data
were statistically analyzed using the Tau-U nonoverlap method
[38], using aweb-based cal culator [39]. Effect sizes for Tau-U
were interpreted as small (0-.65), medium (.66-.92), or large
(>.92) [38]. To gain insight into the relationship between
pain-related variables during the intervention, outcomes of the
weekly questionnaires were compared on an individual level
using the Reliable Change Index (RCI). The RCI was cal culated
using the pretreatment and posttreatment scores and was

Table. Demographics of participants (n=7).
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considered reliable at 1.96 or more [40]. Clinically important
differences in pain intensity were examined between pre- and
postintervention, in which areduction of >30% or 2 pointswas
considered clinically important [41]. The recording of thefocus
group, which had a duration of 50 minutes, was transcribed
using Amberscript. Thistranscript was analyzed using inductive
thematic analysiswith Atlasti (version 24), based on the 6 steps
proposed by Braun and Clarke [42]: (1) (re-)read transcript to
familiarize with the data, (2) generateinitial codes, (3) combine
codes into themes, (4) review themes, (5) define themes, and
(6) report findings. These stepswere compl eted by 2 researchers
(SSand LH) and discussed until consensuswasreached. Finally,
all authors agreed on the final themes and results identified
during this process.

Results

Patient Characteristics

A total of 9 participants enrolled in this study, of which 7
completed the study (Table 2). In addition, 1 participant stopped
due to being too busy and 1 participant completed <50% of the
questionnaires and was therefore excluded from the analysis.
The 7 participants who were included in the analysis provided
amedian of 280 (range 241 - 315) data points per participant.
None of the participants had previous experience with VR. No
adverse events were reported by any of the participants from
using the VR intervention.

Participant Age (years) Gender Highest level  Occupational ~ Painduration Painlocation Medication Expectancy?®
of education  situation (years) use

1 31 Woman Higher Part-time 1 Foot, ankle Yes 6

2 55 Man Lower Full-time 17 Legs, hands Yes 5

3 45 Woman Middle Part-time 5 Wrigt, shoul-  Yes 4
der, back

4 31 Woman Middle Unemployed 7 Generalized  No 6

5 61 Woman Lower Part-time 30 Back, hip Yes 6

6 52 Woman Higher Full-time 3 Back, shoul-  Yes 5
ders, neck

7 37 Woman Higher Part-time 4.5 Back, pelvic  Yes 6

85cored from O (lowest expectancy) to 10 (highest expectancy).

Visual Analysis

Results of the visua analysis of the diary data showed that
patients responded differently to the intervention, as discussed
below per outcome variable. Theresults of the 4 diary outcome

https://xr.jmir.org/2025/1/e58784

measures are presented in Figures 1 and 2 and Multimedia
Appendix 4, inwhichthephasesAl(day 1 - 7, nointervention),
B (day 8- 35, intervention), and A2 (day 36 - 42, no
intervention) are presented on the x-axis and scores from 0
(lowest) to 10 (highest) are presented on the y-axis.
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Figure 1. Visual analysis of diary data on pain intensity (see clearer version in Multimedia Appendix 5).
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Figure 2. Visua anaysis of diary data on pain interference (see clearer version in Multimedia Appendix 6).
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Pain intensity scores (Figure 1) remained relatively consistent  phase A1 (eg, participant 6 from mean phase A1 6.4, SD 0.8,
through phase A1, B, and A2. However, some participantsseem  to mean phase B 5.1, SD 1.7), while othersreport higher scores
to report somewhat | ower scores during phase B comparedwith  (eg, participant 3 from mean phase A1 1.9, SD 0.9 to mean
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RenderX

JMIR XR Spatial Comput 2025 | vol. 2 | €58784 | p.148
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

phase B 3.3, SD 1.4). Furthermore, it is notable that most
participants reported substantial variability within proximate
measurement moments.

Analysis of the pain interference outcome (Figure 2) showed
that patients reported fairly stable scores on central tendency.
Some participants showed minor improvement between phases
(eg, participant 2 from mean phase Al 6.7, SD 0.8, to mean
phase B 7.5, SD 0.7), while others showed some deterioration
(eg, participant 5 from mean phase B 6.4, SD 0.9, to mean phase
A2 5.7, SD 0.8). In addition, it should be noted that pain
interference scores show much likenessto pain intensity scores.

Results on physical functioning (Multimedia Appendix 4)
showed that central tendency does not seem to alter too much
between phases, similar to the results on pain intensity and pain
interference scores. Variability within patients seems to be
similar to previously reported outcome measures aswell, except
for participant 3 who shows large variability within proximate
measurement times (eg, day 23: 2; day 24: 10; day 25: 2).

Finally, emotional functioning scores (Multimedia Appendix
4) were relatively high in most participants (mean 7.1, SD 1.5,
compared with mean painintensity 5.9, SD 1.8, paininterference

Table. Statistical analysis of diary and wearable data.
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5.9, SD 1.8, and physical functioning 5.4, SD 1.7). Trend
between phases seemed to be improving for some participants
(eg, phase A1 of participant 7), while the opposite occurred in
other participants (eg, phase A2 of participant 4). Variability
seemed to be lower compared with previously discussed
outcome measures in most participants.

Statistical Analysis

Analysis of the daily diary and wearable data using Tau-U, as
shown in Table 3, showed no statistically significant difference
in any of the outcome measures. In addition, no clinically
important reductions in pain intensity (ie, reduction of pain
intensity score of 230% or =2 points) were found. Results of
the statistical analysis of the weekly questionnaires using the
RCI (Table 4) showed no reliable change on any of the
guestionnaires for any of the participants. More detailed
information about the results of the wearable data and weekly
guestionnaires can be found in respectively Multimedia
Appendix 7 (individual scores on steps, stress, and sleep) and
Multimedia Appendix 8 (Group scores on weekly
guestionnaires). Median VR use was 37.5 minutes per week
(range 7.8 - 78.4).

Tau-U 95% ClI P value
Pain intensity -0.011 -0.16t00.14 .88
Pain interference -0.013 -0.16t00.13 87
Physical functioning -0.091 -0.24t0 0.06 .23
Emotiona functioning -0.021 -0.17t00.13 .78
Steps 0.013 -0.14t00.17 .87
Stress -0.075 —-0.231t0 0.09 .36
Sleep 0.082 -0.08t00.24 32

https://xr.jmir.org/2025/1/e58784

JMIR XR Spatial Comput 2025 | vol. 2 | €58784 | p.149
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (IMXR) Slatman et al
Table. Statistical analysis of weekly questionnaires.
Participant
1 2 3 4 5 6 7
PSEQ?
Pretreatment, 43 (0.7) 31(3.5) 42 (4.2) 21(8.5) 37 (4.9) 23(2.8) 27 (0)
mean (SD)
Posttreatment, 38 (2.8) 36 (0) 47 (2.1) 23(2.1) 45 (1.4) 18 (2.1) 29 (3.5)
mean (SD)
RCI? -1.05 1.05 1.05 0.42 1.68 -1.05 0.42
CPAQ®
Pretreatment, 23 (0) 32(0.7) 31(0.7) 20(0.7) 29 (1.4) 15(1.4) 18 (5.7)
mean (SD)
Posttreatment, 28 (1.4) 31(3.5) 31(2.8) 23(0) 29 (1.4) 1521 20(2.1)
mean (SD)
RCI 0.74 -0.15 0 0.45 0 0 0.30
PC19 active
Pretreatment, 31 (0.7) 31(1.4) 31(1.4) 29 (0.7) 26 (0.7) 28(0.7) 30(1.4)
mean (SD)
Posttreatment, 28 (1.4) 28 (0) 34 (0) 26 (0) 27(2.8) 23 (1.4) 30(0.7)
mean (SD)
RCI -0.84 -0.84 0.84 -0.84 0.28 -1.40 0
PCI passive
Pretreat- 40 (1.4) 44 (5.7) 42 (0) 64 (2.8) 46 (3.5) 49 (0.7) 51 (4.2)
ment, mean (SD)
Posttreat- 43 (4.2) 44 (0.7) 36(.7) 59 (1.4) 44(0.7) 45 (0) 55 (1.4)
ment, mean (SD)
RCI -0.38 0 0.77 0.64 0.26 0.51 -0.51

8PSEQ: Pain Self-Efficacy Questionnaire.

bRCI: Reliable Change Index.

SCPAQ: Chronic Pain Acceptance Questionnaire.
dpCl: Pain Coping Inventory.

Focus Group Analysis

Participants 4, 6, and 7, as described in Table 2, participated in
the postintervention focus group. The other participants were
not able to participate because they were too busy (with their
pain rehabilitation program) (n=3), and did not feel well on the
day of thefocusgroup (n=1). Based on the analysis of thefocus
group, the following three themes were identified: (1)
experiences of CMP patients with VR, (2) feasibility of VR,
and (3) VR in CMP rehabilitation.

Theme 1. Experiences of CMP Patients With VR

Participants found the VR program attractive to use and valued
the intuitive nature of the intervention. Furthermore, they
reported several positive effects of the VR intervention,
including feelings of self-efficacy, more knowledge about
(chronic) pain and focus shifting. Although, these effects were
not substantial and patients had to get used to using VR, as it
demanded both their time and effort.

https://xr.jmir.org/2025/1/e58784

And it provided me with insights about how chronic
pain works. [Participant 7]

My focus shifted away from the pain and went more
towards the game or killing those monsters, which
was a lot of fun. And then you notice that it does
something with the pain. [Participant 6]

And then you still Juse VR] while you are actually
already tired and in need of a bit of a rest. [Participant
4]

Theme 2: Feasibility of VR

Participants perceived the VR intervention as feasible. They
found it easy and comfortable to use at home, the instructions
were clear, and it was attainable to use daily.

And we received clear instructions beforehand, so
then it’sjust plug and play, you know. [Participant 4]
Yes, | think | actually liked using it at home first,
instead of somewhere else. [Participant 6]
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Theme 3: VR in CMP Rehabilitation

VR hel ped participants bridge the waiting time, but participants
valued it more as an addition to their treatment rather than a
substitution.

It's more of an addition, a good addition, a
meaningful addition. [Participant 6]

Some participants mentioned it might be valuable to provide
the VR intervention not only during the waiting list period but
also during the pain treatment they were on the waiting list for.
Furthermore, it isimportant to consider the individual process
and whether a patient is open to working on the topics addressed
in the VR intervention.

...that it would be even more effective during pain
treatment, it would be even stronger, because you are
already more involved in it and you can also ask for
feedback immediately, for example from one of your
therapists, if you have any questions. [Participant 7]
It[the VRintervention] raised someinternal conflict,
but | can really understand that it could be very
helpful for patients who are further in their process.
[Participant 4]
In the future, patients would recommend to receive VR not on
adaily basis, but maybe 2 or 3 times a week, in between the
days of the pain rehabilitation program.

Discussion

Principal Findings

The aim of this study was to gain insight into the influence of
VR on pain-related variables and evaluate the feasibility and
general experience of thisintervention. Analysesof the reported
measures showed no clinica and statistically significant
differences. Our results imply that the provided intervention
did not influence the outcome measures used in this study. This
was supported by the visual analyses, which showed that some
participants somewhat improved after theintervention on several
outcome measures, but worsened on different outcome measures.
However, results of the focus group showed that patients
qualitatively reported a positive perspective and experienced
theintervention as feasible.

Comparison to Previous Work

The results of this study are comparable to other studies that
provided the VR intervention, Reducept. A previous study that
examined the effect of Reducept for patients with CLBP who
were on awaiting list to receive pain treatment [9], showed no
significant between-group results on the primary and most other
outcome measures, except for opioid use, daily worst, and least
experienced pain intensity. It should be noted that the patient
sample in both their and our study were patients with severe
and complex symptoms. They were referred to secondary pain
care, with for example amedian pain duration of 5 yearsin our
sample. Previous studies showed that alonger duration of pain
complaints was associated with aworse prognosis [43,44] and
diminished responsivity to trestment [45]. As suggested before,
this specific stand-alone VR intervention might therefore be

https://xr.jmir.org/2025/1/e58784
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more suitable for CMP patients with less complex complaints
[17].

This study by de Vries et a [17] found somewhat more
promising results when they conducted a SCED study among
patients with CLBP where they received 9 to 12 45-minute
sessions of the VR intervention [17]. Results of their study
showed that Reducept might be ableto induce clinically relevant
reductionsin pain intensity and other pain-related outcomesin
some patients [17]. These patients were not on awaiting list to
receive other pain treatment and received the intervention
supervised in the hospital, which might have increased
effectiveness [46]. Other interventions that used a stand-alone
at-home VR intervention reported clinically meaningful results
[47-49], but patients were (1) not on a waiting list to receive
other pain treatment and (2) received a more extensive
intervention (both in duration and content). A waiting list period
is known to possibly deteriorate pain complaints [8]. A
meta-analysis among psychotherapies even showed that waiting
lists might be regarded as a nocebo condition since patients
might, for example, feel the need to remain their complaintsto
be able to start the pain treatment they are on the waiting list
for [50]. In addition, it might be possible that the waiting list
period is not the best time to provide VR. This was mentioned
in our focus group, and previous research showed that it isalso
possible to extend secondary care for CMP patients with VR
asan additional treatment option [51,52]. In regard to the content
of the VR module, it might be possibile to supplement thiswith,
for example, personalized exercise therapy as was done in
previous VR interventions for CMP [51,53,54]. Finally, the
dosage of the VR intervention might be a point of interest, as
the study by deVrieset al [17] found different resultsfrom this
study while using another dosage of the sameintervention. The
intervention duration in this trial was 4 weeks, while for
behavioral CMP interventions, a duration of 6 to 10 weeks is
advised [55], which implies that the intervention did not last
long enough. Future studies on VR for CMP should, therefore,
study the optimal timing, (personalized) content, and dosage of
VR interventions for the most fitting patients.

Results of our study showed adiscrepancy between the analyses
of quantitative outcome measures and qualitative measures.
Thisis congruent with the qualitative evaluation [22] of thetrial
that was discussed before [9]. They reported that the VR
intervention positively affected how patients health was
experienced, provided patients with more control over their
pain, and helped patients accept and understand pain. This is
supported by other studies in which patients did not report
significant differences in, for example, quality of life or pain
intensity measured using questionnaires but mentioned positive
benefits during an oral evaluation after their VR intervention
[17,56]. This discrepancy could partially be explained by
social-desirability bias, as patients might want to portray amore
positive impression of the intervention for the researcher who
isinterviewing them [57]. In addition, it might be possible that
nonoptimal quantitative outcome measures were used for this
VR intervention, and softer outcomeslike values (eg, autonomy)
or more proximate outcomes (eg, knowl edge about CMP) should
be examined as well, as was suggested previously [14].
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Strengths and Limitations

One of the strengths of this study wasthe use of a heterogeneous
sample of patientswith ranging ages (31-61 years), pain duration
(1-30 years), and type of pain complaints. In addition, arich
dataset with multiple subjective (ie, daily diary, validated
guestionnaires, and focus group) and objective (ie, wearable)
outcome measures was used, which was analyzed both visually
and statistically. In line with SCED study recommendations, at
least 5 data points per phase were collected [58].

Thisstudy had several limitations. First, the nature of the study
design is characterized by a smaller sample size, which came
with risks of selection-bias of specific patients and hindered
generalizability of study results. Second, treatment fidelity
varied between participants, and not al participants used the
VR intervention as much as prescribed, which could have
diminished the intervention effect. This problem was mentioned
in other VR interventions for CMP as well [48,53], whileit is
known that repetition is key in, for example, PNE [59].
However, it should be noted that treatment fidelity varies outside
a study design, and therefore, this study reflects a real-world
situation. Third, we conducted only 1 focus group with 3
participants who provided an insight into the intervention
feasibility. Given the limited sample size, these results should
be interpreted with caution. However, amore in-depth analysis
of qualitative data, possibly with one-on-oneinterviewsinstead
of focus groups, of participants’ experiencewith VR in alarger
study samplewould beinteresting, to learn more about possible
working mechanisms and administration best practices of VR
for CMP, which could further improve thisintervention.
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Future Directions

The results of this study suggest implications for clinical and
theoretical practice. It seems that this stand-alone VR
intervention for patients with CMP on a waiting list for
secondary care does not influence pain-related complaints.
However, in theright dose, setting, and timing it might be more
effective, as previous research, for example, suggested that VR
interventions for CMP might be more effective for younger
patients [60]. To further inform trial and intervention design,
other relevant pain-related outcomes (eg, catastrophizing) and
medication use could be investigated, as these were found
relevant in previous VR for CMP studies[9]. In addition, future
studies could explore prognostic patient characteristics to
identify patients who would respond better or worse to
therapeutic VR for CMP. To further study the effectiveness of
the (improved) intervention and complement the findings of
this study, arandomized controlled trial (RCT) iswarranted, in
which a control group that receives usual care should be
included. ThisRCT should both focus on the short-term results
and include an analysisof the compl ete pain treatment tragjectory.
Furthermore, subgroup analyses are needed to examine for
which patients VR is effective.

Theresults of thisstudy showed that this stand-aloneimmersive
VR intervention for patientswith CMP on awaiting list did not
seem to alter pain-related outcomes. Patients reported good
feasibility and general positive experience of the intervention
and these outcomes can inform further intervention and trial
design.
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Abstract

Background: Emergency physicians face significant stressin their daily work, adversely affecting patient care and contributing
to physician burnout.

Objective: This pilot study explored the feasibility, immediate effects, and acceptance of virtual reality (VR) relaxation on
perceived stress reduction among emergency physicians.

Methods: The study was conducted at the Department of Emergency Medicine, Bern, Switzerland, in February 2023. All junior
and senior physicians were dligible, excluding those with epilepsy, claustrophobia, or severe nausea. Voluntary participants
underwent a 6- to 8-minute VR meditation program at their workplace. Subjective short-term stress reduction was measured using
anumeric rating scale (NRS) ranging from O (“not at all stressed”) to 10 (“extremely stressed”). Feasibility, user acceptance, and
technical aspects were evaluated using validated and self-constructed questionnaires.

Results: In total, 35 emergency physicians (median [IQR] age, 32 [30-34] years, 60% female) completed 39 VR simulation
sessions. Baseline stress levels (median NRS 4, IQR 2 - 6.5) were significantly reduced post-intervention (median NRS 2, IQR
1 - 4; P<.001), particularly among participants with high baseline stress levels. Reported side effects (simulator sickness) were
minimal; the median score of presence and immersion according to the questionnaire developed by Slater-Usoh-Steed was 4
(IQR3 - 4) (scalel - 7, with 7=full immersion). User satisfaction was high. Implementation challenges mainly included technical
issues and time constraints due to high workload.

Conclusions: This pilot study suggests that brief, relaxing VR sessions may help reduce short-term perceived stress levelsin
emergency physicianswith minimal side effects and high user satisfaction. Future studies should addressimplementation challenges
to optimize integration with clinical workflows.

(IMIR XR Spatial Comput 2025;2:€72605) doi:10.2196/72605

KEYWORDS
virtual reality; relaxation; stress, emergency medicine; workplace; burnout

stressthat has not been successfully managed. It is characterized
by feelings of energy depletion or exhaustion; increased mental
distance from one's job, or feelings of negativism or cynicism
related to one’s job; and reduced professional efficacy. A recent
Swiss investigation confirmed emergency physicians as a
medical specialty at great risk for burnout. Over half of themore

Introduction

Emergency medicine is an inherently high-stress medical
specialty due to the urgent and often severe nature of cases,
which demand rapid decision-making with potentialy
life-altering consequences. The additional burden of shift work

and disrupted circadian rhythmsfurther exacerbates stresslevels
among emergency physicians. These factors contribute to a
heightened risk of burnout [1-3], posttraumatic stress disorder
[4], substance abuse [5], and even suicide [6]. Burnout is a
syndrome conceptualized as resulting from chronic workplace

https://xr.jmir.org/2025/1/€72605

than 600 respondents met at least 1 criterion for burnout and
reported symptoms of mild to severe depression. Alarmingly,
10% of respondents even reported having considered suicide at
some point [7]. The implications of burnout extend beyond
individual well-being, jeopardizing patient care quality and
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safety and contributing to physicians leaving the profession
[7,8]. Therefore, prioritizing personal stress management
strategies and advancing research into effective stressreduction
methods are essential to maintaining both the quality and
sustainability of emergency medicine. This aligns with the
World Health Organization's call for addressing health care
worker well-being to ensure theresilience of health care systems

9.

Various stress management interventions, such as yoga,
mindfulness training, deep breathing exercises, and
psychoeducational stress management workshops, have
demonstrated effectiveness and are increasingly being
implemented in workplace settings. However, the integration
of these interventions into fast-paced work environments, such
asemergency medicine, remainsasignificant challenge[10,11].

Virtual reality (VR) isacomputer-generated simulation allowing
the user to fully immerse himself in an interactive,
3-dimensional environment, typically through aspecialized VR
headset, or head-mounted device. By blocking out thereal world
and replacing it with adigital space, VR alowsusersto engage
with virtual objects and environments in rea time. This
immersion fosters a sense of presence, where users
psychologically perceive the virtual world as real, enhancing
emotional and cognitive engagement. In relaxation-focused VR
applications, this heightened presence allows users to fully
disconnect from external stressors, creating a safe space for
restorative mental states and stress relief [12].

In the medical field, VR has long been used as a virtua
therapeutic tool for managing acute and chronic pain and
reducing anxiety across various settings, including the
emergency department (ED) [13,14]. Additional applications
include treatment for mental health conditions such as cognitive
impairment, depression, phobias, and posttraumatic stress
[15-17]. Research indicates that VR is an effective therapeutic
tool for relaxation, modulating individual stress levels, and
potential impacts on the immune response [18]. It offers a
cost-effective and accessible option for therapeutic intervention
[10,19-21]. Unlike traditional mindfulness practices such as
meditation or yoga, VR requires little to no prior experience
before positive effects can be achieved [22]. Possible
explanations include the attention restoration theory, which
posits that exposure to natural environments can replenish
cognitive resources depleted by stress. VR can simulate calming
natural scenes, providing restorative experiences that reduce
mental fatigue and stress [23]. The biopsychosocial model
suggests that stress is influenced by biological, psychological,
and social factors. VR interventions can address these
components by offering immersive experiences that promote
relaxation, thereby positively affecting physiologica and
psychological states.

Potential barriers to the widespread adoption of VR include
initial implementation and ongoing maintenance costs, limited
accessibility related to hardware availability or user familiarity,
uncertainty regarding the duration of beneficial effects, and the
risk of adverse reactions such as visually induced motion
sickness. Emerging evidence on the use of VR for health care
workers suggests promising outcomes. A recent randomized
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controlled trial involving 32 health care workers demonstrated
that VR-based guided meditations are afeasible and accessible
mindfulness intervention, potentially even more effective than
non-immersive methods [24]. Similarly, brief, tranquil VR
experiences have been shown to significantly reduce subjective
stressamong frontline health care workers during the COVID-19
pandemic [25,26] and to enhance happiness and relaxation
among trauma care clinicians [27].

The evidence regarding the use and effectiveness of VR as a
stress reduction tool for emergency physiciansremainslimited.
Additionally, implementing VR within the unpredictable and
fast-paced environment of an ED presents significant challenges.
The feasibility of its application and the acceptance by the
emergency team are unclear. Therefore, we conducted a
within-subject, repeated measure interventional feasibility pilot
study to evaluate the feasibility of deployment of ashort relaxing
VR simulation in the busy setting of the ED asastress-reduction
tool for emergency physicians, theimmediate effect of VR use
on self-perceived stress, and the tacceptance of the VR
simulation in the study population (user satisfaction, simulator
sickness, and sense of presence and immersion).

Methods

Design and Setting

This prospective non-randomized pre-post interventional
feasibility pilot study was conducted at the ED of the University
Hospital of Bern, Switzerland. As one of the largest EDs in
Switzerland, it serves approximately 55,000 patients annually
and isstaffed by ateam of around 70 physicians[28]. The study
was carried out between February 1 and February 28, 2023,
during daytime hours, contingent on the availability of the study
investigators (SH and SS).

The study was conducted on aconvenient sample of emergency
physicians. Written informed consent was obtained from all
participants, including data anonymization and authorization
for use in study analysis and publication.

Ethical Considerations

Thelocal ethics committee (Kantonal e Ethikkommission Bern,
KEK; BASEC number Reg-2023 - 00018) classified this study
as a quality evaluation project, exempting it from the
requirements of the Swiss Human Research Act.

Inclusion and Exclusion Criteria

All junior and senior physicians working in the ED of the
University Hospital in Bern were eligible for participation.
Exclusion criteriaincluded facial or neck injuries, severe nausea
or vomiting, claustrophobia, epilepsy, or any other conditions
associated with hypersensitivity to light or motion.

Baseline Data

Baseline dataincluded sociodemographic factors (gender, age),
theuse of visual aids, and smoking habits. Information regarding
work routines was also collected, such as the participant’srole
inthe ED, years of professional experience, board certification,
workload percentage, frequency of night shifts per month,
average break duration, and typical break activities.
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Additionally, participants were asked about prior experience
with gaming, VR, and mindfulness exercises (“I regularly use
gaming, VR or mindfulness training’). The baseline
guestionnaire was completed before the initial use of the VR
intervention.

Intervention

Physicians were informed about the project in advance during
staff meetings, and throughout the study period, reminderswere
provided through announcements during briefings and
informational posters. Additionally, participantswere recruited
through direct contact by the study coordinators (SH and SS).
For half of the 28 days, the study was conducted from 7 AM to
3 PM, and for the other 14 days, from 3 PM to 11 PM,
corresponding to the 2 largest daily shifts. During their time at
the University Hospital of Bern, the study coordinators were
easily reachable via a pager system, allowing physicians to
choose an appropriate time for the intervention at their
discretion.

The study investigators (SH and SS) informed the participant
about the study aims, handed out theinformation form, ensured
the absence of contraindications, responded to the participant’s
questions, and collected their free, informed, and expressed
consent.

Theintervention consisted of the application of a6- to 8-minute
VR relaxation program caled “Daily Focus” including
breathing exercises and a short focus exercise in an imaginary
environment. The immersive experience consists of a
contemplative, relaxing, futuristic imaginary landscape
accompanied by a sound universe specifically composed to
relax the user. The scenery and theme changed daily. The
content also had interactive capabilities aswell, so that the user
could take action to affect the VR environment. The user could
choose to interact with the environment by fixating one's gaze
on aninteractive object in theworldscape. “ Daily Focus” ispart
of the commercially available software “ TRIPP" devel oped by
TRIPP Inc. (TRIPP Inc.). The company was not involved in
any aspects of the study. A commercially available stand-alone
head-mounted display (Meta Quest 2; Meta) was used. When
it became apparent that background noise at the University
Hospital of Bern'sworkplacesimpaired the sense of immersion
for some participants, noise-cancelling headphones (JBL Live
650BTNC; JBL) were introduced to reduce ambient sounds.
Asthe physicians' experience with VR head-mounted displays
was limited, the users were supported by the study team in the
technical application when needed (SH and SS). In case of a
medical emergency requiring the immediate presence of the
physician, the VR simulation was interrupted. The briefing,
completion of the consent form and questionnaires, and the
intervention itself took approximately 15 minutesin total. The
duration of the evaluation and intervention was intentionally
kept as short as possible to minimize barriers to participation.

Outcomes
Feasibility
Feasibility was assessed using technical details of the simulation

(location of thesimulation, ie, directy at the workplace vs quieter
location, interruptions of the simulation and reasons for
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interruptions, and timing of the intervention), as well as with
free text comments of the users and feedback collected from
the study team (SH and SS).

I mmediate Effect of VR Use on Perceived Stress

Perceived stress reduction was measured as the difference
between the self-reported stress level directly before and after
the intervention on anumeric rating scale (NRS-11) scale from
0 to 10 (0="not at all stressed” to 10="extremely stressed”).
This simple measure was selected due to its strong correlation
with thewell-validated Perceived Stress Scale 14 (PSS-14) [29].
Furthermore, athreshold value of 6.8 on the self-reported scale
has been shown to effectively predict high stress levels,
corresponding to a PSS-14 cutoff score of =7.2, and was
therefore chosen to identify individual s experiencing high stress,
similar to Beverly et al [25,29].

User Acceptance

User acceptance was evaluated using
guestionnaires:

the following

Visually induced motion sickness was assessed according to
the Simulator Sickness Questionnaire (SSQ) from Kennedy et
al [30].

Presence and immersion in the virtual world were determined
according to the 6-item questionnaire developed by
Slater-Usoh-Steed (total score ranges from 1=no immersion to
7=full immersion) [31].

User satisfaction was assessed using a self-constructed 8-item
guestionnaire (1: | enjoyed the simulation experience; 2: The
headset and headphones felt comfortable; 3: The audio quality
was clear and enjoyable; 4: The image quality was visualy
pleasing; 5: The simulation hel ped to reduce my stresslevel; 6:
| would use this simulation again for relaxation; 7: | would
recommend this simulation to others; 8: The simulation can be
conveniently performed directly at the workplace). Responses
were collected on a 5-point Likert scale (1="totally disagree”
to 5="totally agree”) immediately following the intervention.

Furthermore, a self-constructed 6-item user acceptance
guestionnaire was sent out 2 weeks after the final intervention
via email to al physicians working in the department, with a
particular focus on understanding the limiting factors that
prevented users from taking abreak with VR (1: | couldn’t find
time during my shift because the workload was too high; 2: |
felt it wasn't worth investing the time because | preferred to
finish my documentation as early as possible to end my shift
on time; 3 | didn't enjoy the simulation (virtual
environment/voice guidance), but | could imagineusing it more
often with adifferent program; 4: | experienced side effectsthat
overshadowed the positive aspects of the VR breaks; 5: | prefer
to spend my breaks differently; 6: | didn’t think about it/forgot
that the option was available. Responses were collected on a
5-point Likert scale (1="totally disagree” to 5="totally agree”).

Statistical Analysis

Statistical analysiswas carried out using Python (version 3.9.12)
and the following packages. NumPy, SciPy (matplotlib,
seaborn). Basdline characteristics are presented as numbersand
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percentage or median and interquartile range (IQR) using
descriptive statistics as appropriate. Pre- and post-simulation
comparisons (stress level) were performed with the Wilcoxon
signed-rank test.

We performed subgroup analyses, including participants with
high stress levels defined as NRS-11 >6.8 (similar to Beverly
et al [25]) with the Wilcoxon rank sum test.

Comparisons between independent groups (eg, malevsfemale,
status of active patient care involvement, prior experience with
mindfulness training, gaming experience) were carried out by
Wilcoxon rank sum or Kruskal-Wallis test depending on the
variable.

A P<.05 was considered significant.

Effect sizes with 95% ClI for stress levels before and after the
simulation were determined by Cohen d. Effect size was

Table. Baseline characteristicsincluding break routine (N=35).

Birrenbach et d

determined asfollows; Cohend <0.5 small, 0.5 - 0.8 moderate,
and >0.8 large.

Results

Baseline Characteristics

Out of 67 physicians (61% female), 35 working in the ED
completed the study (response rate 52.2%). The average age of
the participantswas 32 (IQR, 30 - 34) years, with 60% (n=21)
being female. Further demographic characteristics as well as
break behavior are reported in Table 1.

Participants were asked to rate their experience with gaming,
VR, and mindfulness training (“I regularly use gaming, VR or
mindfulnesstraining”) on ascale from 1 (“Strongly disagree”)
to 5 (“Strongly agree”). For gaming, the median score was 1
(IQR 1 - 2), no participants had prior experience with VR, and
for mindfulness training, the median scorewas2 (IQR 1 - 3).

Item Value
Gender, n (%)

Male 14 (40)

Female 21 (60)
Agein years, median (IQR) 32(30-34)
Use of visua aids, n (%) 16 (45.7)
Smoker, n (%) 0(0)
Professional role, n (%)

Resident physician 27(77.1)

Fellow physician 2(.7)

Senior physician 6(17.1)
Board certification, n (%) 12 (34.3)
Work experience, years, median (IQR) 5(4-7)
Employment level, %, median (IQR) 80 (80-100)
Frequency of night shifts per month, median 4(3-5)
(IQR)
Break routine, n (%)

No breaks 6(17.1)

Break at theworkplacewith constant availabil- 29 (82.9)
ity

Break at the workplace without constant 0(0)
availability

Average break time in minutes, median (IQR) 15 (10-20)

Feasibility and Technical Details of the I nterventions

Out of 35 participants, 4 (11.4%) individuals completed the
intervention twice, resulting in atotal of 39 interventions. The
majority of interventions (n=23, 59%) occurred directly at the
workplace, while 41% (n=16) took place in designated rooms
away from the workplace. Out of 39 interventions, 6 (15.4%)
experienced interruptions. The majority of these (66.7%, n=4;
10.3% of al interventions) were due to technical issues, while

https://xr.jmir.org/2025/1/€72605

theremaining 2 (33.3%, 5.1% of al interventions) were caused
by urgent medical duties requiring participant attention.

Interms of shift schedules, 61.5% (n=24) of interventionswere
conducted during the morning shift (7—3 PM), 35.9% (n=14)
during the afternoon shift (3 PM-11 PM), and 2.6% (n=1) at
the end of anight shift (7 AM). During most of the interventions
(n=27, 69.2%), participants remained actively engaged in patient
care, whereas about one-third (n=12, 30.8%) were conducted
after shift hand-over, with the participants no longer directly

JMIR XR Spatial Comput 2025 | vol. 2 | €72605 | p.160
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

responsible for patient care but remaining engaged in
administrative tasks.

The freetext comments were predominantly positive,
highlighting the usefulness and effectiveness of theintervention.
However, some criticisms were noted regarding the comfort of
the headset and aspects of the simulation itself. Suggestions
included a more photorealistic scenario and reduced voice
guidance during the simulation. Feedback indicating that
ambient emergency noises disrupted immersion was addressed
by introducing the use of headphones and conducting sessions

Birrenbach et d

in quiet, isolated rooms whenever possible. Additionaly,
participants frequently mentioned that during active patient
care, they were often unableto fully engage with the simulation
or felt unable to allocate sufficient time for the intervention.

Immediate Effect of VR Use on Perceived Stress
Reduction

The baseline median stresslevel was4/10 (IQR 2 - 6.5), which
wasreduced to 2/10 (IQR 1 - 4) after theintervention (P<.001)
(Figure 1). The effect sizewas cal culated as Cohen d=1.28 (95%
Cl 0.84 - 1.72), representing a large effect.

Figure 1. Immediate effect of virtual reality use on perceived stress reduction. Comparison of stress levels before and after the intervention. NRS:

numeric rating scale.

Stresslevel NRS-11

before the intervention

after the intervention

Time of measurement

In total, 10 participants reported high baseline stress levels
(=6.8). In this group, the intervention was even more effective,
reducing the stress level from 7/10 to 4.5/10 (P<.001) (Figure
2). Only one individual reported a high stress level after the
intervention. In this case, the simulation was terminated after
2 minutes due to an audio malfunction.

https://xr.jmir.org/2025/1/€72605
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No significant differences in stress reduction concerning the
variables gender (P=.767), prior experience with mindfulness
training (P=.376), gaming experience (P=.489), or involvement
in active patient care (P=.912) were found.
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Figure 2. Immediate effect of virtual reality use on perceived stress reduction according to stress level. Comparison of stress levels of subgroups with
low and high stress before and after the intervention. Outliers (values 21.5xIQR) are indicated as diamonds. NRS: numeric rating scale.

8 * Subgroup
1 low (< 6.8)
[ high (= 6.8)

7 —

Stresslevel NRS-11

before the intervention after the intervention
Time of measurement

Presence and | mmersion

) ) ) The median score of presence and immersion according to the
Visually Induced Motion Sickness questionnaire devel oped by Slater-Usoh-Steed was 4 (IQR 3 - 4)
The median of the total score according to the SSQ from  (with 7=full immersion).

Kennedy was 80 (IQR 0 - 161) (range O - 813). User Satisfaction

Results of the user satisfaction survey are detailed in Figure 3.

User Acceptance of the VR Simulation
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Figure 3. User satisfaction survey. Results of the user satisfaction survey. Answers on a 5-point Likert scale from 1="totally disagree’ to 5="totally
agree” directly after the intervention. Outliers (values = 1.5xIQR) are indicated as diamonds.

| enjoyed the simulation experience

The headset and headphones felt comfortable
The audio quality was clear and enjoyable

The image quality was visually pleasing

The simulation helped to reduce my stress level
| would use this simulation again for relaxation

| would recommend this simulation to others

The simulation can be conveniently performed directly at the workplace

Acceptance Survey

In total, 16 physicians completed the 6-item retrospective
acceptance survey sent out 2 weeks after theintervention period
(response rate 24%). Answers are depicted in Figure 4.

. . | 1
| —
. . | {1

: | —
| | I |

3
Likert Scale

Figure4. Retrospective acceptance survey. Results of the retrospective acceptance survey. Answerson a5-point Likert scale from 1="totally disagree”

to 5="totally agree.” Outliers (values>1.5xIQR) are indicated as diamonds.
| couldn’t find time during my shift because the workload was too high

| felt it wasn’t worth investing the time because | preferred to finish my
documentation as early as possible to end my shift on time

| didn’t enjoy the simulation (virtual environment/voice guidance), but |
could imagine using it more often with a different program

| experienced side effects that overshadowed the positive aspects
of the VR breaks

| prefer to spend my breaks differently

I didn’t think about it/forgot that the option was available

Discussion

Overview

This pilot study evaluated the feasibility, immediate effect of
VR use on perceived stress reduction, and acceptance of VR
simulation asashort break intervention within the high-pressure
environment of an ED.

We observed asignificant reduction in self-reported stresslevels,
decreasing from 4/10 to 2/10, with a large effect size.
Importantly, 26% of participants reported high stress levels
prior to the intervention, in which the stress-reducing effect of
VR was particularly pronounced. No significant differencesin
stress reduction were observed across demographic or
experiential variables, including gender, prior mindfulness
training, gaming experience, or engagement in active patient
care during the intervention.

https://xr.jmir.org/2025/1/€72605
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Acceptance was high with minimal side effects. Despite its
effectiveness, challenges were noted in implementing VR
breaks, primarily due to the substantial time constraints faced
by health care professionals. Theselogistical barriersmay limit
the practical application of this intervention in routine clinical
practice.

Feasibility

The simulation was carried out with minimal technical issues
or interruptions. Notably, a significant number of individuals
voluntarily participated in the study, and the overall feedback
was highly positive, indicating strong interest and acceptance
of the concept.

One limitation observed was the execution of the simulation
directly in the busy ED environment at the participants
desktops, which occasionally resulted in distracting background
noisethat could impact participants focus. To addressthisissue,
noise-canceling headphoneswereintroduced, and approximately
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40% of the simulations were conducted in quieter settings in
the ED.

Stress Reduction

This study demonstrated a significant reduction in subjective
stresslevels, with an average decrease of 2 pointsonthe NRS-11
scale following a 6- to 8-minute VR simulation. These findings
align with previous studies investigating VR-based stress
reduction in high-stress medical environments, particularly
during the COVID-19 pandemic.

For example, Beverly et a [25] conducted a similar study
involving frontline heath care workers. They observed
comparable reductionsin stress (mean change —2.2 on avisual
analogue scale from 1 to 10, effect size Cohen d = 1.08) and
high levels of acceptance after a 3-minute 360-degree cine-VR
simulation featuring anature scene. Similarly, Putrino et al [32]
reported on the effectiveness of “Recharge Rooms,” immersive
multisensory environments designed to alleviate stress among
frontline health care workers during the pandemic. Theserooms
incorporated visual projections of natural landscapes, calming
sounds, and soothing scents. In a study involving 496
participants, average self-reported stress scores decreased
significantly from 4.58 to 1.85 on a 6-point scale after asingle
15-minute session, with high user satisfaction reported. Further
supporting these findings, Nijland et al [26] evaluated the use
of 10-minute VR relaxation breaks in 360° immersive
environments for 86 ICU nurses during their shifts. This
intervention demonstrated similar reductions in stress levels
(mean change—1.4 on avisual analogue scale from 1to 10) and
high user acceptance. However, akey barrier identified across
studies, consistent with our findings, was the high workload of
health care professionals, which limited the feasibility of
integrating VR-based interventionsinto routine clinical practice.

While no studies specifically targeted the ED setting, Adhyaru
and Kemp [27] reported on the use of VR relaxation
interventions among 39 predominately female physicians
working in a fast-paced trauma service. The study highlighted
the positive impact of 10-minute VR relaxation sessions using
the Nature Treks application, demonstrating the potential for
VR-based interventions in similar high-stress environments.
Participants engaged in these sessions within a designated
well-being room during their workday, immersing themselves
in natural environments. Post-intervention, participants reported
significant increases in feelings of happiness and relaxation,
accompanied by notable decreases in sadness, anger, and
anxiety. Objective measures al so showed asignificant reduction
in heart rate, indicating decreased physiological arousal.

Although the short-term effects of various VR applications
appear comparable, meaningful comparisons remain challenging
dueto differencesin study settings, target populations, specific
content and design of VR software, as well as external factors
such as the surrounding environment and circumstances (eg,
pandemic conditions). These variations significantly limit the
generalizability and interpretability of findings across different
VR studies.

Speculatively, VR's effectiveness might be attributed to
attention restoration theory, proposing that immersiverestorative
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environments help replenish cognitive resources depleted by
stress[23]. Additionally, the biopsychosocial model posits that
immersive VR experiences can modulate neurophysiological
responses, such as decreasing sympathetic nervous system
activation and reducing cortisol levels, thereby alleviating stress
[18,21].

Nevertheless, the optimal design of VR-based stress
interventions remains unclear. Current literature varies widely
regarding realism (naturalistic vs abstract scenarios), activity
levels (passive viewing vs interactive tasks), and intervention
types (guided meditation vs free exploration). These variations
underline the necessity for further research using rigorous
experimenta designswith both cognitive and neurophysiological
methodol ogies. Future studies should systematically investigate
these variables to identify the most effective VR intervention
formats and better elucidate the underlying mechanismsdriving
VR-induced stress reduction.

As this was a pilot study, only short-term (pre-post) effects
regarding stress reduction were evaluated. However, findings
from several studies provide initial data supporting the
effectiveness of long-term VR-based programs for reducing
stress, anxiety, and burnout among different health care
professionals[24,33-36]. A recent study inthe ED explored the
effectiveness of a 4-week VR-based mindfulness intervention
using brief guided breathing exercises. Participants using VR
demonstrated greater improvements in relaxation, as measured
by heart rate variability (HRV), compared to a mobile app.
Regular VR use led to increased relaxation effectiveness over
time, suggesting VR's suitability for long-term mindfulness
programs [24]. Severa aspects require further study, such as
examining patterns in VR mindfulness effectiveness across
varying workload conditions and shifts. Additionally, stressand
relaxation trends could be assessed by demographic or
professional differences like job role or experience. It would
also be valuableto explorethe cumulativeimpact of VR sessions
on chronic stress and burnout over time, analyze the timing of
sessions related to well-being outcomes, and investigate how
individual personality traitsor baseline stressresilienceinfluence
responsesto VR interventions.

User Acceptance

With regard to side effects, theintervention proved to belargely
free of adverse effects. This aligns with findings from other
studies that have used VR as arelaxation tool [14,36,37].

The results indicated only moderate levels of immersion,
consistent with findings from another study investigating the
use of VR for pain reduction in our ED setting [14]. For both
studies, we attribute this moderate immersion to environmental
factors such as background noise, interruptions, and the
generaly high-stress atmosphere. These factorslikely relate to
the aforementioned limitations in implementing VR
interventions within the workplace.

Overall, user satisfaction among participants was very high.
Comfort, as well as the audio and visual quality, received
considerable praise, particularly after the introduction of
noise-canceling headphones. Participants also reported high
subjective effectiveness for relaxation, with strong agreement
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on statements such as, “1 would use this simulation again for
relaxation” and “1 would recommend this simulation to others.”

However, the statement “ The simul ation can be easily conducted
in the workplace’ received less agreement. This raises the
question of whether and how the intervention could be better
integrated into the ED workplace setting. As revealed by the
retrospective questionnaire, many participants did not engage
in the intervention due to work-related time pressures. This
highlights a broader issue also reflected in the baseline survey
results. On average, physiciansreported taking only 15 minutes
for breaks during their shifts.

The strong agreement with the statement “I couldn’t find time
during my shift because the workload was too high” further
underscoresastructural challenge related to workload and break
culture within the workplace. Spontaneous comments from
participants and the low-medium baseline stress level s suggest
that participants only took time for the intervention after the
peak of their stress had passed. Given that the highest levels of
work-related stress for emergency physicians typically occur
during the care of criticaly ill patients, this timing is likely
unavoidable—and perhaps even desirable. As highlighted in a
recent phenomenographic study on well-being interventionsin
the ED, the demands of the job simultaneously necessitate and
limit the implementation of effective interventions to support
staff well-being in this challenging environment [38]. Possible
solutions for further interventions include protected break and
VR break times or scheduling VR breaks during lower workload
periods.

Some participants criticized the fantasy-style design of the
simulation, expressing a preference for a more naturalistic
environment. However, the software used has been successfully
applied in several other settings [21,34,37]. Meanwhile, many
studiesinvestigating VR for stress reduction have used realistic
nature-based simulations, such as a forest. Such an approach
may further enhance relaxation, as numerous studies have
demonstrated that exposure to forests and nature in general
promotes relaxation [10,18,20].

Whilewe demonstrated technical feasibility and user acceptance
of short VR interventions, factors such as device affordability,
software licensing costs, and the scalability of deploying VR
systems across various clinical settings must be carefully
considered.

Limitations

This study has several limitations that should be considered
when interpreting the results. First, and mainly, the absence of
acontrol group makesit impossible to definitively attribute the
observed stressreduction to the VR intervention itself. Without
acomparator, we cannot rule out alternative explanations, such
as placebo effects, spontaneous recovery, or other external
factors. However, given the feasibility nature of this pilot study
and the promising results observed, these findings provide a
solid foundation for future controlled trials. These should
incorporate amore rigorous design, eg, arandomized controlled
trial with a control group or an active control condition (eg, a
non-V R relaxation technique, like guided breathing exercises).
Second, no other structured assessments for burnout or
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depressive symptoms were conducted. These psychological
dimensionsare closely linked to stress and coul d have provided
additional insights into the broader mental health effects of the
intervention. Additionally, no physiological stress markers (eg,
cortisol levels, HRV, and electrodermal skin activity) or other
objective parameters were collected. Sole reliance on
self-reported stresslevel sintroduces potential biases (eg, social
desirability), which may have affected the accuracy of the
findings. However, as we wanted to keep the intervention as
short as possible, we abstained from using an extensive test
battery or setup. Future studies should include a multimodal
stress assessment, potentially integrating real-time biometric
data using wearable technology or mixed-reality applications.
The single-center design and small sample size may also limit
the generalizability of the results, asfactors specific to the study
setting could have influenced outcomes. Selection bias may
also haveinfluenced the results, as participants might have been
particularly motivated, tech-savvy, or predisposed to respond
positively to VR-based interventions. This self-selection could
limit the generalizability of the findingsto abroader population.
The potential for a novelty effect must also be acknowledged.
Participants' stress reduction could partially stem from the
excitement or novelty of using VR technology rather than the
intervention’s intrinsic therapeutic effects. Furthermore, this
study did not assess long-term effects. The sustainability of
stress reduction over time remains unclear, and follow-up
assessments would be necessary to determine whether the
observed benefits persist beyond the immediate post-intervention
period.

Ultimately, while the results are encouraging, future research
should focus on arandomized controlled design, incorporate a
multimodal assessment of stress, depression, or burnout,
including objective biological stress markers, assess long-term
effects, and involve larger, more diverse populations to
strengthen the evidence base for VR interventions in stress
management in the health care setting. Furthermore, it is
essential to identify the specific aspects of the experience that
elicit the most significant responses. For example, archival data
before and after the Covid-19 pandemic show that passive
content with lessinteractivity resulted in agreater positive mood
state after the COVID-19 onset, likely related to its capacity to
reduce stress, facilitate restoration, and improve persistent
affective states in stressful environments [39].

Conclusions

In summary, this pilot study adds to the growing evidence
supporting the use of VR for workplace well-being by
demonstrating the feasibility and short-term effectiveness of
immersive VR simulations for stress reduction among
emergency physicians. A brief VR-based relaxation break
conducted directly in the ED workplace significantly decreased
subjective stress|evels, with high user satisfaction and minimal
side effectsreported. However, implementation challengeswere
evident, primarily due to the significant time constraints faced
by health care professionals in this high-pressure environment.
Thesefindings highlight the potential of VR asatool to enhance
workplace well-being while underscoring the need for strategies
to overcome logistical barriers and better integrate such
interventionsinto routine clinical practice. Future studies should
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focus on long-term effects, objective stress measures, and  optimize this approach.
scalable implementation strategies to further validate and
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Abstract

Background: Virtual redity (VR) isan emerging technology that provides an immersive user experience and has the ability to
distract patients from the negative or painful experiences commonly associated with medical procedures. Bone marrow biopsies
are medical procedures where a needle isinserted into the bone and a syringe is used to withdraw the liquid bone marrow. They
are performed to diagnose and monitor disorders affecting the blood, often as part of care for hematology and patients with
cancer.

Objective: The purpose of this pilot study is to assess the feasibility of VR as an adjunctive therapy to alleviate the perception
of pain and anxiety in patients receiving bone marrow biopsies.

Methods: Thispilot study enrolled 60 adult participants receiving abone marrow biopsy to assess the acceptability and feasibility
of VR to impact reported pain and anxiety levels compared to the participants’ baseline measurements preoperatively. They were
randomly assigned to “control”/non-VR intervention (n=30) and “experimenta”/VR groups (n=30). The “experimental”/VR
group used the Meta Quest 2 headset (Meta) with original VR content devel oped for this study. Participants completed a survey
adapted from a standardized verbal numerical rating scale to rate their pain and anxiety levels before and after the bone marrow
biopsy. Measurements such as procedure length, patient vitals, and experience were a so gathered from both study groups.

Results: Resultsindicated that participants had no significant differencesin their heart rate, respiration rate, and blood oxygen
saturation level s between the 2 groups. Participantsin the VR group (n=30) had a significantly shorter procedure length than the
control group (n=30) with a 25% time reduction (P=.02). Participantsin the VR group (mean 4.29, SD 1.19) were significantly
morelikely to rate the distraction as effective (P<.001) and report they would repeat the procedure (mean 4.32, SD 1.05; P<.001).
Finally, participantsin the VR group (mean 2.13, SD 1.26) had significantly lower levels of anxiety during the procedure (P<.001)
and felt significantly more comfortable after the procedure (mean 4.45, SD 1.12; P<.001).

Conclusions: This investigation encourages the acceptability of using VR intervention for patients undergoing bone marrow
biopsies. Further, the length of procedures was found to be shorter when compared to the control group, supporting the feasibility
of the technology for clinical management. These novel interventions can provide distraction-based therapy that is noninferior
to the standard of care and provide enjoyable user experiences that reduce the perceived pain and anxiety of nonsedated medical
procedures.

(JMIR XR Spatial Comput 2025;2:e65324) doi:10.2196/65324

KEYWORDS
virtual reality; bone marrow biopsy; oncology; pharmacologic pain management; pain management

acute pain [1]. Although these forms of treatment can be
effective, there are growing concerns surrounding the potential
health risks associated with the use of certain pharmacotherapies,
such as opioid addiction, across patient populations [2]. As a
result, there is a growing interest in reducing the use of
pharmacotherapy for the treatment of acute pain in favor of
nonpharmacologic options [3]. However, there are few

Introduction

Standard pain management protocolsin adult medicine settings,
hospitals, or clinics, typicaly rely on the use of
pharmacotherapies such as acetaminophen, nonsteroidal
anti-inflammatory drugs, analgesics, and opioids to aleviate
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alternative options for providing nonpharmacol ogic therapy in
adults, which often resultsin inadequate pain control [4]. There
isaneed to find feasible and acceptable adjunct forms of pain
management and anxiety reduction in ahospital or clinic setting.

Distraction techniques used by hospital staff help patients cope
withinjuries, hospitalization, or illness and differ based on each
patient’s needs and preferences [5]. Some common techniques
used to distract from chronic pain include controlled breathing,
guided imagery, and relaxation [6]. Passive techniques such as
auditory distraction and television have been used to distract
from acute pain resulting from routine procedures [7]. Studies
for each of these different techniques over the yearsfound some
positive, but mostly mixed results[8]. Thus, thereisstill limited
evidence demonstrating the effectiveness of distraction [9].
Moreover, there is no conclusive study suggesting that one
technique supersedes others since each patient has different
preferences, medical situations, behavioral needs, and
developmental needs.

Virtual redlity (VR) is an emerging technology that provides
an immersive user experience [10]. These immersive VR
experiences show promise as a tool that can reduce perceived
pain and anxiety related to acute pain in emergency rooms or
other clinical settings by lessening the vividness of memories
[11]. One study has even observed that immersive VR was more
effective than standard carein ameliorating pain among pediatric
patients undergoing venipunctures [12]. It is theorized that
immersive VR drawsthe patient’ s attention away from aversive,
or painful, stimuli by keeping their focus on something more
engaging [13]. A study published in 2023 by Alaniz et al [14]
found VR to be an underused intraoperative tool that enhances
the overal patient experience in the emergency room.
Furthermore, another study by Sabinash [15] reported positive
findings with this technology, which are tempered by the
limitations of current research, but VR still holds great potential.
The stand-alone headset's hardware offers an affordable
alternative that can potentially provide a nonpharmacologic
treatment for acute pain management and anxiety reduction
[16]. A study published in Virtual Worldsfound that it islikely
to see the widespread implementation of VR in health care in
the coming decade [17]. With recent advancements, VR
technology is used in numerous settings, but limited research
has been done thus far to show how effectiveit is[18].

The purpose of this pilot study isto evaluate the feasibility and
acceptability of using VR adjunctively as anonpharmacol ogical
distraction method for bone marrow biopsiesto reduce perceived
anxiety and pain in an oncology ward setting. The information
gained will help to design future studies needed to ensure the
efficacy and reliability of the devices.

Methods

Design Overview

This pilot acceptability and feasibility study was performed at
the University of Florida (UF) Shands Cancer Hospital to assess
VR as arelaxation and distraction tool for patients receiving a
bone marrow biopsy procedure. We used a mixed methods
design, in which trained research assistants identified and
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determined eligibility of patients admitted to the UF Health
Division of Hematology & Oncology Ward in coordination with
medical staff. Participantswere randomly assigned to the control
group and experimental group through a random number
sequence to determine group allocation. No stratification was
used in this process. The control (or non-V R intervention) group
did not receive any special distraction in addition to local
anesthesia, following conventional clinical practice for managing
discomfort. Local anesthesiaisdefined as5 - 10 mL of lidocaine
1% (10 mg/mL) without epinephrine administered to patients
for bone marrow biopsies, according to the UF Health Shands
Hospital protocol. Approximately 1-2 mL skin whea
(intradermal) was used to numb the skin, followed by a2 - 3
mL subcutaneous infiltration to numb deeper tissue, and then
a2-5mL periostea infiltration for the bone surface. No
additional nonpharmacological distraction methods were
implemented in this group. Data regarding patient vitals,
procedure length, patient feelings before and after the procedure,
and patient experiences with the procedure were compared
between participants assigned to the VR and control groups.
The 2 groups were compared using independent t tests with
Cohen d measure of effect size. For any measure taken before
and after the procedure, the difference between the 2 was
calculated and used to compare the groups for the t tests.

Training Protocol

Research assistants underwent a4 - to 5-week training period
covering all aspects of the patient intervention, including
preprocedural  preparation, informed consent, intervention
administration, and postprocedural procedures. Training
emphasized appropriate patient interaction, including how to
explain and review consent and procedural forms. In addition,
research assistants received instruction on infection control
measures, such as proper sanitization of the VR equipment.
These measures for the VR headsets included the use of Super
Sani-Cloth Germicidal Disposable Wipesto thoroughly disinfect
the headset and controllers before and after each patient’s use.
In addition, research assistants were instructed to wash their
hands before and after each patient interaction to minimize the
risk of cross-contamination. The final 2 weeks of training
focused on VR equipment operation, troubl eshooting technical
issues, and ensuring a smooth patient experience.

Participants

Participantswere recruited between February 2021 and February
2024 from the UF Health Oncology & Hematology ward. A
total of 93 patients were initially screened for eligibility, of
whom 60 patients met the inclusion criteria and were enrolled
in the study, with 30 randomized to the VR group and 30 to the
control group. Participants were included according to the
following criteria: have a scheduled bone marrow biopsy, aged
more than 18 years, and be able to physically wear and tolerate
the VR headset. Participants were excluded if they had nausea
or vomiting upon admission, required urgent procedures or were
otherwise deemed unstable by hospital staff, had a condition
that prevents the use of VR technology such as epilepsy, or a
facial or scalp wound, had any visual, hearing, or cognitive
impairments that would limit their ability to take part in the
study, or if they could not read, speak, or write in English. The
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demographic characteristics of the participants are shown in
Table 1. The majority of participants were male, the median
age was 61.5 years (IQR 53 - 68), the racial composition was

Table. Demographic information and familiarity with VR?,

Mittal et &

75% White with approximately 17% Black (10/60 participants)
and 8% Latino (5/60 participants) enrolled, and 63% (38/60
participants) of them reported some familiarity with VR.

Demographics Total population Control (n=30) VR (n=30) Statistical test results P value
(N=60) for differences between
control and VR groups,
t test or chi-square (df)
Age (years), median  61.5(53-68) 65 (58.5 - 69.5) 58 (48-64) 131 (57.18)b .92
(IQR)
Gender, n (%) 0.16 (1)° .69
Mae 36 (60) 16 (53) 19 (63)
Female 24 (40) 14 (47) 11 (37)
Race, n (%) 1.86(4)° .76
White 45 (75) 23(77) 22 (73)
Black 10 (17) 4(13) 5(17)
Latinx 5(8) 3(10) 3(10)
VR familiarity, n (%) 38 (63) 19 (63) 19 (63) 0.78 (1)° .78

3/R: virtual redlity.
Bt tegt.
CChi-square test.

Distraction-Based VR I ntervention

The*“HealthPointXR” app (Gainesville, Florida), developed for
this study, was used to provide distraction and relaxation for
participants enrolled in the experimental group. The
“HealthPointXR” app was developed by Drew Gill as part of a
UF undergraduate engineering organization by the name of
Dream Team Engineering. There are no financia disclosures
related to the development or commercialization of this app at
thistime. The HealthPointX R game is currently an unlicensed,
private project owned by Dream Team Engineering as per
GitHub for an unlicensed project “the default copyright laws
apply, meaning that [the owner] retain[g] al rights to [their]
source code and no one may reproduce, distribute, or create
derivative works from [their] work.” The code is currently
neither open source nor free, but contacting Dream Team
Engineering viatheir websiteisencouraged for any usage. This
study used aretrofitted Meta Quest 2 headset (Meta) with plastic
straps and easily sanitizable materials. The VR device was
selected based on affordability and quality to ensure its
practicality and scalability in clinical settings. The Meta Quest
2 met these criteria, while the Apple Vision Pro was considered
as a potential alternative. However, due to its recent market
entry and significantly higher cost, it was not incorporated into
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this study. The Meta Quest 2 fits most head shapes and sizes.
Tablets were connected to the headsets for research assistants
to control and supervise the VR content in real time using an
intuitive interface. The tablet and the VR headset were
connected through a Bluetooth pairing and did not require
internet or Wi-Fi connectivity. “HeathPointXR” VR game
included an experience of a tranquil walking path through a
natural environment where the user snaps photographs of
wildlife passing by while being transported in a cart along a
track. The user must take these different photographs when
prompted to advance their journey. Users are also incentivized
to follow the track closely through minimal head movements
in order to receive points on the trip across the natural
environment to further immerse the user. Soothing music and
different sounding notifications provide auditory cuesto engage
the user.

For participants randomly selected to the experimental group,
research assistants provided a standardized 5-minute tutorial
on wearing the VR headset and fitting it properly for optimal
user experience. The length of time required to fit the VR
headset on participants was not factored into the total length of
the procedure, as it was done during normally occurring time
intervals prior to the bone marrow biopsy procedure. Figure 1
shows an example of the VR experience.
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Figure 1. “HealthPointXR" virtual reality experience.

Patient Vitals and Procedure

Patients in both the VR and the control group had their vitals,
including heart rate, respiration rate, and blood oxygen
saturation, recorded through a pulse oximeter during and after
the procedure. These vitals were taken by the health care staff
present at the time of the procedure, and research assistants
collected these data from the health care staff after completion
of the intervention. Procedure length was recorded on a
stopwatch by the research assistants, who began measuring the
procedure length as soon as the VR headset was placed on the
patients. Timing concluded at the end of the medical procedure
once the clinician completed the last component of the
procedure.

Patient-Reported Emotional and Procedural
Experience Measures

Patients in both the VR and the control group were asked the
same questionsregarding their feelings and experience with the
procedure. Patients feelings regarding the procedure were
assessed by pain before and after the procedure, worry before
and after the procedure, anxiety before and after the procedure,
and comfort after the procedure. Feelings of pain were recorded
using a verbal numerical rating scale from 1 to 10 before and
after the procedure with higher valuesindicating higher feelings
of pain. Feelings of worry were measured before and after the
procedure using a scale from 1 to 5, with 1 indicating “not
worried at all” and 5 indicating “extremely worried.” Feelings
of anxiety during the procedure were recorded on a verbal
numerical rating scalefrom 1 to 5, with higher valuesindicating
higher feelings of anxiety. Feelings of comfort after the
procedure were evaluated using a 5-point scale from strongly
disagree to strongly agree for the statement “1 felt comfortable
with the distraction.”

Patients’ experiences with the procedure were all assessed on
a 5-point scale from strongly disagree to strongly agree. To
measure awareness, patients were asked their agreement with
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the following statement: “| was very aware of the procedure |
was recelving.” To measure distraction effectiveness, patients
were asked their agreement with “Using the distraction made
me feel less worried about getting the procedure” Finally, for
likelihood to repeat, patients were asked their agreement with
“1 would want to use the same distraction on medical procedures
in the future”

Ethical Consider ations

This study, which includes human participant research, was
approved by the Institutional Review Board of the Florida
Department of Health (IRB201900850). The informed consent
forms, used in this study, provided participants with a
description of the study, its qualitative and quantitative
measures, potential risks and discomforts, and explicitly asked
the patient to voluntarily agree to participate and alow their
data to be collected. Study data are deidentified as all
participants were assigned anumerical code. Thiscodefollows
the format of OC001. Anonymity of all study subjects is
ensured. No compensation of any sort was offered to human
participants. Thiswas stated in the informed consent form. No
identification of individual participantsis present in any images
of this study or in any supplemental material.

Results

Patient and Procedure Summary I nformation

Figure 2 summarizesthe patient’svitalsand procedure duration
between the VR and the control group. The patient’s heart rate,
respiration rate, and blood oxygen saturation were taken before
and after the procedure. There were no significant differences
in the change in vitals pre- and postprocedure between the VR
and control group. The average procedure duration was
significantly shorter in the VR group (mean 23.94, SD 9.72)
compared to the control group (mean 31.94, SD 15.34;
t5;=—2.45, P=.02, d=0.62).
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Figure2. Summary of patient vitals and procedure length.
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Patient-Reported Emotional Measures

Figure 3 summarizes patients feelingsbefore, during, and after
the procedure between the VR and the control group. Patients
were asked to indicate their feelings as explained in the M ethods
section, with higher scores indicating higher levels of pain,
worry, anxiety, and comfort. The error bars represent 95% Cl's,
and the mean for each group is labeled at the bottom.
Participants in the VR group (mean 2.13, SD 1.26) had
significantly lower feelings of anxiety during the procedure
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compared to the control group (mean 3.42, SD 1.46; t5;=—3.73,
P<.001, d=0.95). Participantsin the VR group (mean 4.45, SD
1.12) had significantly higher feelings of comfort with the
distraction compared to the control group (mean 2.10, SD 1.27;
tsg=7.73, P<.001, d=1.96). There were no significant differences
between the VR and control groups for pain and worry either
before or after the procedure. In addition, there was no
significant difference within either the VR or control group for
the difference in pain or worry perception before and after the
procedure.
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Figure 3. Differencesin patient feelings before and after the procedure.
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Patient-Reported Procedural Experience M easures

Figure 4 summarizes differences in patient experience during
the procedure between the VR and the control group. Patients
were asked to ratethe statementson ascale of 1to 5, with higher
scoresindicating alarger awareness of the procedure occurring,
higher effectiveness of the distraction, and a greater likelihood
to repeat the procedure. The error bars represent 95% Cls and
the mean for each group is labeled at the bottom. Participants
in the VR group (mean 4.29, SD 1.19) were significantly more
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likely compared to the control group (mean 1.55, SD 0.93) to
rate the distraction as effective (t;;=10.14, P<.001, d=2.57).
Participants in the VR group (mean 4.32, SD 1.05) were also
significantly more likely compared to the control group (mean
1.81, SD 1.25) to indicate they would repeat the experience
(t;5=8.60, P<.001, d=2.18). However, there were no significant
differences between participants in the VR group (mean 4.45,
SD 0.96) and the control group (mean 4.52, SD 0.85) of how
aware participants were of the procedure occurring (t5;=—0.28,
P=.78, d=0.07).
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Figure 4. Differencesin patient experience during the procedure.
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Power Analysis

We conducted a post hoc power analysis using the pwr package
in R to assess the statistical power of our independent samples
t tests. Using the calculated effect sizes, we estimated the
achieved power for each test assuming a 2-tailed t test with an
alpha level of .05 and a sample size of 30 per group. The
resulting power values ranged from 0.058 (d=0.07) to 1
(d=2.57). The estimated achieved power for 4 of the 6
independent samplest tests was above 0.95 (d<0.95).

Discussion

Principal Findings

The results of this pilot study suggest that VR has a role in
reducing anxiety and perceived pain in adult patients receiving
bone marrow biopsy. Although this study is not designed to be
statistically powered, anotable reduction in perceived pain was
measured in the VR group, with areduction of 0.7 in reported
pain levels postoperatively compared to the control group’s
increase of 0.2 reported pain postoperatively on a 10-point scale.
These findings paralleled those reported by Wong and Choi
[12] when assessing patient perceptions of VR for pain relief
in labor [19].

Anxiety levels before and after bone marrow biopsies were not
significantly different in the VR group compared to the control
group. Anxiety in patients with cancer can be triggered by a
multitude of factors, as well as anticipation of pain associated
with medical procedures [20]. VR might be dlightly effective
in reducing reported anxiety levels, although the complex
combination of factors associated with the care of patientswith
cancer requires caution when interpreting the results of atool
used in an acute care application. This differs from similar
studies that have reported marked changes in reported anxiety
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levels. A study by Fabi [21] reported that among 22 patients
who used VR during chemotherapy, there was a significant
decrease in perceived anxiety and duration of procedure
compared to the control group.

Acceptability of VR in the hospital setting was supported by
the patient experience findings and reinforced by the anxiety
and perceived pain data collected during this study. The results
of the surveys suggest a 2 - 3 point higher score in level of
immersion, likelihood to use intervention again, and comfort
level in the VR group compared to the control group using a
5-point scale. The majority of patients expressed awillingness
to use VR as adistraction-based tool during their bone marrow
biopsy. Furthermore, a study published by the Journal of
Internet Medical Research in 2022 found VR beneficia for
breaking up the monotony of treatment, providing an additional
choice of activity, and in some instances a distraction from the
treatment itself [22].

Measurements of feasibility for VR focused on the usability
and comfort of thetechnology aswell asitsimpact on thelength
of timefor the medical procedure to be completed. To maintain
methodological rigor, confounding variables were controlled
as much as possible to ensure that any observed differences
could be attributed primarily to the VR intervention rather than
external factors. These confounding factors include
standardizing the administration of lidocaineto 5 - 10 mL for
bone marrow biopsies within the hospital’s protocol, having
the same clinician perform all the bone marrow biopsies
throughout the course of thisinvestigation, timing the procedure
length to reflect the total length of the procedure as soon as a
distraction method begins, that iswhen aVR program isturned
on, before the procedure, as well as maintaining consistent
informed consent and randomization practices for all
participants. Consequently, thetime differences observed inthe
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results are attributed to the impact of VR. Notably, there was
an 8-minute faster completion or 25% time reduction for
completion of the bone marrow biopsy procedure among the
VR intervention group (n=30) compared to the control group
(n=30). Thefaster completion of the procedure occurred without
any report of compromised quality of care, and these data
provide avaluable clinical benchmark for the use of VR in the
hospital setting, as it appears to improve the efficiency of
providerswhile performing routine procedures. Thissurprising
differencein procedure length ismostly attributed to the patients
in the VR group being more composed and less tense at the
beginning of the procedure, allowing for clinicians to more
efficiently administer local anesthetic and perform the biopsy
in a shorter amount of time. As the same clinician performed
all of these bone marrow biopsies, clinician-to-clinician skill
level was not afactor modulating the findings. The mgjority of
thetime was saved with the patient being immersed in thevirtual
world at the beginning of the procedure, which coincided with
lower self-reported anxiety and pain ratings. It is important to
note that the fitting of the VR headset on participants was
performed during usual preparatory intervals prior to the biopsy
procedure, and thuswas not included in the recorded procedure
time. The same size remains a limitation on these findings to
differentiate them from being anecdotal as opposed to being
powered, warranting the need for further investigation regarding
time efficiencies and cost-effectiveness regarding the use of VR
in minimally invasive procedures such asbone marrow biopsies.

The existing evidence to support the implementation of
distraction-based VR therapy is still limited among patients
with cancer receiving bone marrow biopsies [23]. This study
provided insight into the novel application of astand-alone VR
headset. The results from this study indicate the use of VR as
a noninferior adjunct tool that is acceptable and feasible for
providing distraction and relaxation in adult patient populations
undergoing bone marrow biopsy. Furthermore, these data add
to building the evidence base for VR in medicine as part of
innovative clinical practice involving digital therapeutics.

Thisstudy has several limitations, asthe study was not designed
to measuretheimpact of potential moderators on the outcomes.
For example, the data cannot provide reliable information on

Mittal et &

the potential impact of age, gender, or pain tolerance of
participants enrolled in the study. Another limitation of this
study is the potentia for selection bias, as participants were
recruited exclusively from the UF Shands Oncology Ward in
Gainesville, Florida. In addition, only patients undergoing the
specific procedure of bone marrow biopsies were included,
which may limit the generalizability of the findings to broader
oncology populations or patients undergoing different
procedures. The demographic and geographic constraints of the
sample may also impact external validity, as factors such as
regional health care access, socioeconomic status, and cultural
background were not accounted for. The study design, sample
size, and inability to double-blind the participants are aso
notable limitations that impacted the quality of datareportedin
this research. A review by Kouijzer et al [24] supports these
considerations, as a lack of time and expertise on how to use
VR in treatment, alack of personalization of some VR appsto
patient needs and treatment goals, or the gap in knowledge on
the added value of VR in a specific setting were noted as
limitations. In addition, the enrolIment strategy could not control
for the use of additional pain medication prior to the bone
marrow biopsy that was self-prescribed by the patient prior to
being approached regarding participation in the study.
Furthermore, the study did not factor in medications that the
patients are on or the full past medical history of participants
to consider the impact of those factors on the participants’ vital
signs.

Conclusions

In conclusion, this pilot study’s findings suggest that the use of
an Oculus Quest 2 Headset with the “HeathPointXR” VR
program can serve as a honinferior adjunct distraction-based
therapy option for patientswho are distressed when undergoing
a bone marrow biopsy. Based on the parameters assessed, it is
reasonable to determine that theimplementation of VR improved
anxiety levels and perceived pain and did not prolong clinical
workflow on average. Further studies with greater statistical
power and a larger scale could provide more robust evidence
to support the routine application of this emerging technology
to impact patients’ experience during nonsedated, minimally
invasive procedures.
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Abstract

Background: Effective crisismanagement in operating rooms (ORs) iscrucial for patient safety. Despite their benefits, adherence
to OR crisis checklistsis often limited, highlighting the need for innovative solutions.

Objective: The objective of this study wasto evaluate the efficacy of augmented reality (AR)-enhanced checklistsin improving
protocol adherence, compared to traditional paper checklists and no checklist scenarios during simulated OR crises.

Methods: This study was a randomized comparative efficacy study comparing the utility of AR checklists, paper checklists,
and no checklist scenarios using 4 validated and simulated OR crises scenarios. asystolic cardiac arrest, air embolism, unexplained
hypotension/hypoxia, and malignant hyperthermia. The study took place in a simulated OR setting and had applicability to the
standard proceduresin ORs, critical care units, and urgent care scenariosin the emergency department. To form the 24 OR teams,
50 professionals including 24 anesthesiologists, 24 nurses, 1 surgeon, and 1 scrub nurse from two academic hospitals were
included. The primary outcome measured was the failure to adhere (FTA) rate for critical actions during simulated OR crises.
Adherence was determined using retrospective video analysis involving 595 key processes evaluated across 24 surgical teams.
Interrater reliability was assessed using a Cohen K. Secondary outcomes included checklist usability and cognitive load, as
measured by the low-frequency to high-frequency (LF/HF) ratio of the heart rate variability.

Results: The AR checklist group showed a significantly lower FTA rate (mean 15.1%, SD 5.77%) compared to the paper
checklist (mean 8.32%, SD 5.65%; t,3=—2.08; P=.048) and the no checklist groups (mean 29.81%, SD 5.59%; t,;=—6.47; P<.001).
The AR checklist also resulted in a higher LF/HF ratio for anesthesiologists (F, 44=4.88; P=.02), showing a potential increasein
the level of cognitive load. Survey data indicated positive receptions for both AR and paper checklists.

Conclusions: These results suggest that AR checklists could offer a viable method for enhancing adherence to critical care

protocols. Although, further research is needed to fully assess their impact on clinical outcomes and to address any associated
increase in cognitive load.

(IMIR XR Spatial Comput 2025;2:e60792) doi:10.2196/60792
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[1-3]. Although these high-stakes, low-frequency crises may
occur infrequently for any single practitioner, their cumulative
incidence across hospitals underscores a significant challenge

Introduction

Unexpected crises in the operating room (OR), such as cardiac

arrests or severe hemorrhages, create acritical situationinwhich
surgical teams should deliver rapid and coordinated care with
atime-sengitive order of actionslisted in the OR crisischecklists

https://xr.jmir.org/2025/1/e60792

to patient safety and surgical outcomes [4-7]. The OR teams’
ability to effectively manage these life-threatening complications
dependson their preparednessin managing crises[8,9], training
[10], and adherence to the validated crisis checklists [11].
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Presurgical checklists are used before surgery to ensure correct
patient identification and procedure planning. In contrast, crisis
management checklists guide surgical teams during emergencies,
helping them respond quickly to life-threatening situations.
While both checklists improve safety, this study focuses
specifically on crisis management checklists, which aim to
support decision-making during critical eventsin the OR.

The lack of adherence to the checklists negatively impacts
surgical mortality rates and overall hospital performance [12].
Evidence suggests that adherence to established best practices
during these critical moments is varied and often associated
with adecay in the retention of essential skills and knowledge
over time[13-16]. In many instances, the use of surgical safety
checklists was associated with a reduction in morbidity and
mortality, and they were integrated as a new standard of care
[17,18]. The dynamic and high-pressure nature of surgical
emergencies requires not only adherence to protocols but also
the ability to quickly access and use complex information under
cognitively demanding conditions [19-21]. However, even
though adherence to these checklists is crucial, the traditional
paper ones are often difficult to use effectively in such intense
scenarios [22-24]. The low adoption of checklists underscores
the need for innovative approaches to using checklists that fit
with surgical workflows, enhancing protocol adherence without
disrupting the clinical focus.

Augmented reality (AR) technology, by relaying important
procedura information directly into the clinicians vision
[25-28], can enhance protocol adherence in medical settings
[29-33]. Initial applications of AR in medication management
and emergency trauma care have shown promise in reducing
errors and guiding clinicians through complex procedures with
enhanced clarity and efficiency [34-38]. Thisevidence positions
AR as a potential technology for improving adherence to

https://xr.jmir.org/2025/1/e60792
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medical protocols [39-41]. However, the effectiveness of and
adherenceto AR-enhanced surgical checklistsduring OR crises
has not been thoroughly studied.

This study aims to evaluate the efficacy of AR-enhanced
checklists in improving protocol adherence by surgical teams
during smulated OR crises. By comparing outcomes with the
traditional paper checklists and scenarios without a checklist,
theresearch seeksto provide evidence on AR’s utility to reduce
the failure to adhere (FTA) rate for crucia procedura steps
when managing surgical crises, ultimately improving patient
outcomes in the OR. We hypothesize that the AR-enhanced
checklists will significantly reduce the FTA rate for crucial
procedura steps compared to traditional paper checklists and
no checklist scenarios.

Methods

Study Design

This prospective within-subject study aimed to compare the
impact of AR checklists, traditional paper checklists, and no
checklist conditions on managing OR crises (Figure 1). A
detailed outline of team participation and the methodological
framework is included in Multimedia Appendix 1. The
development and rationale behind the crisis checklists, guided
by surgical safety standards, have been detailed in a previous
publication [14]. Teams, including anesthesia staff, OR nurses,
and amock surgeon, faced simulated intraoperative crises with
randomized scenario assignments and checklist types. Before
the main investigation, a pilot study tested the scenario fidelity
and the AR checklist's practicality. Paper checklists were
provided in booklet form and placed near the anesthesiamachine
and the circulating nurse's station, mirroring their accessibility
in actual ORs. A summary and the checklists are available in
sections 1 - 3 of Multimedia Appendix 1.
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Figure 1. Study overview diagram. (a) Checklists presented in an augmented reality interface using Microsoft HoloLens 2. (b) Study design scenarios

including an augmented reality checklist, paper checklist, and no checklist.
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Setups: The OR Checklists

We used OR crisis checklists for 4 critical scenarios. (1)
asystolic cardiac arrest, (2) air embolism, (3) unexplained
hypotension/hypoxia, and (4) malignant hyperthermia. These
scenarios were derived from a comprehensive checklist
development and testing process explained by Ziewacz et al
[42] and were chosen for their clinical importance and feasibility
for implementation in AR. Additionaly, we followed the
standardized approach used by Arriaga et a [14], which
evaluated the efficacy of these checklistsinimproving adherence
to lifesaving protocol sthrough high-fidelity medical smulations.
More details on the checklists and key processes evaluated to
measure adherence to protocols can be found in section 3 of
Multimedia Appendix 1.

https://xr.jmir.org/2025/1/e60792
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Participants

Participants were recruited from 2 academic hospital s between
October 2021, and September 2023. Each team comprised the
anesthesia staff (including attending physicians and residents),
OR nurses, one mock surgeon, and one scrub nurse, totaling 24
attending physicians and residents, 24 OR nurses, and one mock
surgeon across 24 teams. Team formations were randomized.
Each team dedicated an average of 3.5 hours within a single
day to participatein a high-fidelity simulated OR environment.
Inthesimulated OR, they encountered aseries of crisis scenarios
designed to test their adherence to critical and evidence-based
practices. Recruitment of staff memberswasfacilitated through
sign-up sheets and random selection from those scheduled to
work on designated study dates. Hospital departments arranged
for staff to attend the simulation sessionsinstead of their regular
workday. Hospital or department rules required that all
anesthesia staff taking part had to have up-to-date certification
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in advanced cardiac life support. Each participant only took part
in one study session.

Ethical Consider ations

Ethical approval for this study was obtained from the Ministry
of Health, Kuwait (IRBI: SKU-219328). Informed consent was
obtained from all participants prior to their involvement in the
study. Participants were informed about the study's objectives,
procedures, and their rights, including the ability to withdraw
at any point without any repercussions. All data collected during
the study were deidentified and stored securely to ensure
participant confidentiality. Data were anonymized during
analysis to protect privacy, and access was restricted to
authorized personnel only. No monetary or nonmonetary
compensation was provided to participantsfor their involvement
in this study. ldentifiable features of participants were not
captured in any images or supplementary materials.

Primary Outcome: FTA rate

The primary outcome was the FTA rate for 47 key lifesaving
processes outlined in Multimedia Appendix 1. Adherence was
evaluated and scored as either yes or no by 2 physician reviewers
from our team (AA and RG) who observed and scored recorded
simulation sessions. These sessions were recorded as
synchronized videos on 2 screens for a comprehensive review.
To ensure the accuracy of adherence scoring, interrater reliability
was assessed. Any disagreements or uncertainties in scoring
were reviewed by third reviewers (CP, HS) and were resolved.
The primary variables included the checklist group and the
medical crisis scenario. The primary aspect of the study was
the measured FTA rates.

Secondary Outcomes

Cognitive Load

We used a Polar chest strap to collect interbeat interval data
from participants during scenarios with an accuracy of 1
millisecond. Previous studies have shown that alow-frequency
to high-frequency (LF/HF) ratio extracted from heart rate
variability is a validated proxy for cognitive load [43-45],
particularly when collected using chest wraps [46]. We used
NeuroKit2, atoolbox for neurophysiological signal processing
[47], to extract the LF/HF ratio from data aggregated into a
1-minute time window.

Table. Participant’srole and their years of experience.

Ebnali Harari et al

Participant Satisfaction and Usability

To evaluate the ease of use and the perceived effectiveness of
the AR and paper checklists, we administered a structured
survey adopted from Arriaga et a [14]. The survey assessed
participants’ preparedness, ease of use, readability, willingness
to use the checklist in real scenarios, and perceived impact on
theclinical flow during emergencies. Responses were captured
on a Likert scale ranging from 1 (strongly disagree) to 5
(strongly agree), providing insights into participants’ attitudes
and perceptions across various aspects of checklist usage.

Statistical Analysis

Participant characteristics were presented by descriptive
statistical analysis, which reported the number and percentage
of participants across different roles and years of experience.
To assess the consistency in observational scoring, the
agreement between two reviewers on the adherence scores was
quantified using a Cohen K. The Shapiro-Wilk test was used to
evaluate the normality of the data distribution. ANOVA was
used to compare the efficacy of interventions across 3 groups
and post hoc analyses were conducted to examine the checklist’s
efficacy across various scenarios. Participant satisfaction and
usability were analyzed using descriptive statistics and reporting
means and SD. The statistical analyses were performed using
SAS with al P values being 2-sided and a threshold for
statistical significance set at P<.05.

Results

Participants

A total of 50 participants, forming 24 teams, took part in this
study, which included anesthesiologists (n=14), anesthesia
residents (n=10), OR nurses (n=24), a surgical resident (n=1),
and a scrub nurse (n=1). All anesthesia residents were in the
early stages of their careerswith O - 2 years of experience, and
OR nurses included a more diverse range of experience,
spanning from O - 8 years. Each team contained 1 mock surgeon
and 1 surgical assistant (scrub nurse), who attended as stand-in
participants to the operative field without participating in
decision-making or survey completion; these stand-in staff
members were not counted as participants. Participants’ years
of experience are summarized in Table 1.

Role Years of experiencein specialty, n (%)
0-2 2-8 >8 Unknown

Anesthesiol ogist

Attending physician (n=14) 0(0) 7 (50) 7 (50) 0(0)

Anesthesia resident (n=10) 10 (100) 0(0) 0(0) 0(0)
Operating room nurse (n=24) 6 (25) 12 (50) 3(12.5) 3(12.5)
Surgical resident (n=1) (1) 200 0(0) 0(0) 0(0)
Scrub nurse (n=1) 0(0) 1(100) 0(0) 0(0)
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Adherence Rating

The assessment of adherence to key processes during the
simulated scenarios demonstrated high interrater reliability
among independent reviewer pairs, with Cohen k values of
>0.83 across all pairs. In instances where initial disagreement
or uncertainty arose among the physician reviewers, consensus
was reached through expert review with video replay. Out of a
total of 595 key processes, evaluated across 24 teams for 25
key processes (excluding 8 key processes from one team that
did not initiate the unexplained hypotension/hypoxia followed
by an unstable bradycardia scenario), only 23 instances
necessitated this expert review. The process of video replay
facilitated immediate full agreement among all reviewers,
highlighting the effectiveness of this approach in resolving
ambiguities and ensuring accurate adherence assessment.

Figure 2. Failureto adhereto critical steps by condition type.

Ebnali Harari et al

Comparing Groups Across All 4 Crisis Scenarios

ANOVA analysis showed significant differences in the FTA
ratefor critical stepsamong the 3 checklist groups (F; 46=48.3;
P<.001). Subsequent post hoc analysis showed the AR checklist
group’s mean FTA rate of 15.1% (SD 5.77%, 95% ClI
13.50-16.70) was significantly lower than the paper checklist
group’s FTA rate of 18.32% (SD 5.65, 95% CI 16.75-19.89)
and the no checklist group’s FTA rate of 29.81% (SD 5.59, 95%
Cl 28.26-31.36). The AR group’s FTA rate was significantly
less than the no checklist group (t,3=—10.9; P<.001) and the
paper checklist group (t,3=—2.08; P=.048). Moreover, the paper
checklist group also had a significantly lower FTA rate
compared to the no checklist group (t,3=—6.37; P<.001; Figure
2).

40 -
<
@ 35 - ¢
i}
w0
g &
E 25 - sy
4
o .
5 20 = '? %
< .
=]
2 15- ¢ - o
5 '
'w f
LL 10 - 2
] | |
AR Checklist Paper Checklist No Checklist

Comparing Groupsfor Individual Crisis Scenarios

Adherence to critical steps across various scenarios
demonstrated significant differences among groups, with an
ANOVA test showing distinct resultsfor asystolic cardiac arrest
(F246=25.07; P<.001), air embolism (F,4=14.90; P<.001),
malignant hyperthermia (F,

46=12.33; P<.001), and unexplained hypotension/hypoxia
(F5,46=38.39; P<.001). Post hoc analysesindicated that, across
these scenarios, the AR checklist group consistently exhibited
significantly lower FTA rates compared to the no checklist
group, with notable differences in asystolic cardiac arrest
(t,5=—6.47; P<.001), air embolism (t,;=—4.45; P<.001),

https://xr.jmir.org/2025/1/e60792

RenderX

Group

malignant hyperthermia (t,3=—4.79; P<.001), and unexplained
hypotension/hypoxia (t,3=—10.57; P<.001). Comparisons
between the AR and paper checklist groupswereonly significant
for some scenarios, with dightly lower FTA rates for critical
steps using the AR checklist in asystolic cardiac arrest
(t,3=—2.65; P=.014) and unexplained hypotension/hypoxia
(ty3=—2.10; P=.046). The paper checklist group also
demonstrated significantly improved adherence over the no
checklist condition in scenarios such as an air embolism
(t;3=3.72; P<.001) and unexplained hypotension/hypoxia
(t,3=5.40; P<.001; Figure 3).

While the AR checklist group demonstrated statistically
significant differences in FTA rates compared to the paper
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checklist group, it isimportant to notethat thissignificancewas chance, and further studies with larger sample sizes are

observed by a narrow margin. Given the sample size, there
remains the possibility that this effect could be influenced by

necessary to confirm these findings.

Figure 3. Failureto adhereto critical steps by scenario and group type. AR: augmented reality.
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For anesthesiologists, ANOVA results showed a significant
effect of the checklist type on the LF/HF ratio (F,45=4.88,
P=.02). In pairwise comparisons, the AR checklist group had
asignificantly higher LF/HF ratio compared to both the paper
checklist and no checklist groups, suggesting apotential increase
in cognitive load when using the AR checklist (P<.05; Figure

4). There was no significant difference in LF/HF ratio when
comparing the paper checklist with no checklist groups, after
adjusting for multiple comparisons. For nurses, the differences
were significantly different (F,4=43.25; P<.001). The no
checklist group had a significantly higher LF/HF ratio than the
other two groups (P<.05). The AR checklist and paper checklist
groups did not differ significantly.

Figure 4. Low-frequency to high-frequency ratio across operating room staff roles by checklist group. AR: augmented reality; LF/HF: low frequency

to high frequency; OR: operating room.
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Survey

Survey responses showed that both AR and paper checklist
groups viewed their respective checklists positively (Table 2).
Participants in the AR checklist group rated the checklist’s
ability to help them fedl prepared during the emergency scenario
at amean Likert score of 4.5 (SD 0.75), and the paper checklist
group rated this at 4.3 (SD 0.82), indicating no significant

Ebnali Harari et al

difference between the groups. Participants expressed a strong
willingness to use the checklistsin real-life situations, with the
AR group scoring a4.6 (SD 0.70) and the paper group scoring
a4.4 (SD 0.75). When considering the disruption to the clinical
flow of the operative emergency, the AR checklist group
reported less disruption with a mean score of 4.5 (SD 0.90)
compared to the paper checklist group’s score of 4.2 (SD 1.00).

Table. Questionnaire response data from participants on checklist usability.

Statement AR checklist group (n=48), mean  Paper checklist group (n=48), mean P value
(SD) (SD)

The checklist helped mefeel better 4.5 (0.75) 4.3(0.82) A3

prepared during the emergency sce-

nario.

The checklist was easy to use. 4.4 (0.80) 4.2 (0.85) .09

| would use this checklist if | were 4.6 (0.70) 4.4 (0.75) .03

presented with this operative emer-

gency inreal life.

The checklist did not disrupt the 4.5 (0.90) 4.2 (1.00) .04

clinical flow of the operative emer-

gency.

If | were having an operationand 4.7 (0.55) 4.6 (0.60) 18

experienced thisintraoperative
emergency, | would want the
checklist to be used.

3AR: augmented reality.

Discussion

Principal Findings

Our findings show that AR checklist groups had a superior
adherenceto critical stepsin criseswhen compared to the paper
checklist groups and groups who did not use any checklist.
These findings highlight AR’s potentia to improve OR staff’s
adherenceto predefined protocolsand ultimately improve patient
outcomes. Thisimprovement suggests that sending critical and
time-sensitive information to clinicians’ and OR staff’sfield of
view may help with faster and more precise decision-making
incritical situations and emergencies. Considering aday-by-day
improvement in technology, this will have the potential to set
the ground for an extended and more effective AR checklist
intervention in many other critical scenarios. This potential
benefit isin line with a comparison of the AR checklist versus
thetraditional checklist in other health care applications[29,30].
The benefit of AR checklists, particularly in comparison with
non-AR alternatives, underscores the technology’s capacity to
augment traditional safety measures.

It is aso important to note that while the AR checklist group
had a clear superiority over the no checklist group, the margin
of improvement was modest when it was compared to the paper
checklist group. In this comparison, the differences were not
always statistically significant acrossdifferent scenarios. These
findings suggest that AR technology may not offer the same
improvement in al clinical scenarios over the paper checklists.
Considering the low sample size and extensive subgroup
analysis, it is reasonable to suggest that AR's rea-world
application and its superiority over conventional methods

https://xr.jmir.org/2025/1/e60792

warrant further examination. We al so observed variation in team
performance, ashighlighted in Figure 1 of Multimedia Appendix
1. Some of this variation may be attributed to an order effect,
where teams became more familiar with the simulation
environment over time. This potential bias should be considered
when interpreting the results, and future studies could include
randomization or counterbalancing to mitigate this effect.

The feedback from participants indicated a high level of
acceptance and perceived utility of AR checklists in crisis
scenarios, pointing to the potential for AR to integrate
effectively into surgical workflows. However, the nuanced
performance improvements highlight the need for a tailored
approach to technological integration in health care, where the
specific context and user needs dictate the effectiveness of such
alternatives [48-50]. The study’s results align with broader
trends in medical and high-risk industries, where checklists
havelong been recognized for their rolein promoting adherence
to best practices and enhancing outcomes [51-53]. Just as
checklists have transformed safety protocols in aviation and
nuclear power, AR checklistshold promisefor surgical settings.
Nonetheless, the adaptation of these tools in medicine,
particularly in the high-stakes environment of the OR, requires
careful consideration of design, implementation, and training
to ensure they meet the unique demands of health care providers
and patients.

A key consideration emerging from our research is the
differential impact of AR on the cognitive load among OR staff.
Anesthesiologists using the AR checklist have shown a higher
LF/HF ratio, which may be associated with a higher level of
cognitive load when compared to the paper and no checklist
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groups. While we initially interpreted the higher LF/HF ratio
in the AR checklist group as a sign of increased cognitive
burden, it isalso possible that thisreflects heightened cognitive
engagement. The AR checklist may stimulate more focused
attention on the OR environment and monitoring, compared to
the paper checklist, which could be perceived as more
distracting. This alternative interpretation suggests that the AR
condition may enhance attentional focus in a high-stakes
environment, and further research is needed to clarify the
relationship between LF/HF ratio and cognitive engagement.

It is an important finding that AR technology may improve
adherence but simultaneously may add a cognitive burden
[54,55] that adversely affects clinicians' behavior under
cognitively demanding conditions. Thisvariability in cognitive
impact across different OR roles underscores the importance of
designing AR applicationsthat aretailored to the diverse needs
and cognitive capacities of surgical teams. Future studies should
also include qualitative methods to capture participants
experienceswith AR and paper checklists. Combining thiswith
guantitative data will provide a more complete understanding
[56].

Limitations

This study has several limitations that should be considered.
First, the study was conducted in a simulation setting that may
not necessarily reflect the complexity of the OR environment.
Second, our sample size was relatively small with a limited
statistical power that prevented usfrom confidently performing

Conflicts of Interest
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subcategory analysis and extracting minor differences between
groups. Larger studies with more diverse groups of clinicians
and more scenario variability are needed to alow for subgroup
analyses and to look for potential impacts on certain groups of
clinicians or crisis scenarios. Third, the integration of AR
technology into clinical practice raises questions about cost,
accessibility, and the need for specialized training [57]. The
development of best practices for the implementation and
customization of AR checklistswill be crucia to their successful
adoptionin surgical care. Last, werecognizethat P valuesaone
should not be taken as conclusive evidence of AR’s superiority.
The narrow statistical margin highlights the need for further
validation through larger studiesto confirm its efficacy.

Conclusion

Our study showed that the use of AR-enhanced checklists
significantly improved adherence to critical procedural steps
during simulated OR crises compared to both traditional paper
checklists and scenarios without a checklist. Thesefindingsare
promising as they may contribute to the patient’s safety and
outcomes. However, while the benefits of AR are promising,
our findings also indicate a potential increase in cognitive load
among clinicians, particularly anesthesiologists. Future studies
should aim to optimize AR interfaces to minimize cognitive
demands and validate these results in real-world settings.
Addressing the balance between improved protocol adherence
and cognitiveload will be crucia for integrating AR effectively
in high-stakes environments like the OR.

Supplementary materials on the development and application of augmented reality checklists for crisis management in clinical

settings.
[DOCX File, 106 KB - xr_v2i1e60792 appl.docx ]
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Abstract

Background: Chronic pain management in public health services often struggles with limited engagement, emotional burden,
and medication use. Extended reality (XR) shows promise in specialized settings, but evidence for codesign and integration into
primary care remains limited.

Objective: Thisstudy aimed to examinethefeasibility, usability, and real-world implementation of REDOCV R [RE (Reeducacio),
DOC (Dalor Cronic), VR (Virtua Reality)], an XR-supported psychoeducational program, and to explore preliminary clinical
outcomes during its integration into chronic pain groups in public primary care centers.

Methods: This was a nonrandomized, hybrid type 2 phased implementation study conducted in 3 primary care centers in
Catalonia, Spain. Theintervention built on existing multidisciplinary psychoeducational chronic pain groups!ed by psychologists
and physiotherapists. In collaboration with patients, XR modules were codesigned and incorporated to enhance mindfulness,
cognitive reframing, and motor activation activities already established in routine care. Intotal, 8 weekly sessionsincluded 15 - 20
minutes of this content, with a supervised medication tapering protocol included in later groups. Primary outcomes were
implementation measures (adherence, tolerability, System Usability Scale, and satisfaction). Secondary outcomes included
patient-reported clinical measures (Warwick-Edinburgh Mental Well-being Scale[WEMWBS], Hospital Anxiety and Depression
Scale [HADS], Central Sensitization Inventory, and EuroQol — 5 Dimensions — 5 Levels) and medication changes, assessed at
baseline, post-intervention, and 5-month follow-up.

Results: Intotal, 42 participants were enrolled, and 36 (85.7%) completed the intervention and all assessments. Adherence was
high, and no serious adverse events occurred, with minimal cybersickness reported (5.6%). Patient usability was strong (mean
81.4,95% Cl 75.6 - 87.1), and overall satisfaction was high (mean 82.4, 95% Cl 78.5 - 86.4). Professional usability was moderate
(mean59.1, 95% CI 51.6 - 66.5). Statisticaly significant improvementswere observed in emotional well-being (Warwick-Edinburgh
Mental Well-being Scale mean change 4.8, 95% CI 2.9 - 6.7; Cohen d=0.86), anxiety (HADS-A -2.5, 95% CI| -3.8 to —1.2;
Cohen d=0.66), and depression (HADS-D —1.6, 95% ClI —2.5t0-0.7; Cohen d=0.62) (all P<.001). Mobility improved significantly
(median change—1.0, 95% CI —1.0t0 0.0, P=.02), while Pain/Discomfort showed anonsignificant trend (P=.08). Among tapering
participants (n=22), mean use of benzodiazepines decreased by 71.7% and opioids by 41.8% at 5 months.

Conclusions: This study suggests that an XR-enhanced psychoeducational program can be incorporated into group-based
chronic pain care within the public primary health care system. Exploratory improvements in emotional well-being, anxiety,
depression, and reduced use of high-risk medications during supervised tapering indicate potential benefits, although causal
inferences cannot be drawn given the feasibility design. These findings provide practical insights to inform refinement and
progression to larger controlled studies evaluating scalability and long-term effectsin routine primary care.

Trial Registration: ClinicalTrials.gov NCT06361706; http://clinicaltrials.gov/ct2/show/NCT06361706 and NCT06964360;
http://clinicaltrials.gov/ct2/show/NCT06964360

(IMIR XR Spatial Comput 2025;2:e82858) doi:10.2196/82858
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Introduction

Chronic painiscommon and disabling, with arecent systematic
review estimating preval ence across European adults at roughly
21%, though individual studies range from 12% to 48%
depending on criteria used [1]. In Spain, nationwide surveys
report similar levels, with around 1 in 4 adults affected, and
higher rates among women and in the 55 - 75 age group [2].
Beyond prevalence, chronic pain is consistently linked with
functional impairment, lower quality of life, and high health
care use [1]. At asocietal level, productivity losses from sick
leave and early retirement have been estimated to consume up
to 4% of GDP in some countries[3].

Primary careiswhere cliniciansfirst diagnose, treat, and follow
most people with chronic pain over time [4,5], heavily relying
on pharmacological treatment. In this setting, providers
frequently prescribe opioids, nonsteroidal anti-inflammatory
drugs (NSAIDs), antidepressants, anticonvulsants, and
benzodiazepines despite limited long-term benefit and safety
concerns, particularly with opioi d-benzodiazepine combinations
[6,7]. Multidisciplinary group programsthat combine physical,
psychological, and self-management strategies may provide a
safer and more comprehensive approach with effectiveness
supported by evidence [8]. Yet, their accessibility remains
inconsistent, constrained by structural and organizational barriers

[9].

Extended redlity (XR), including virtual redity (VR) and
augmented reality (AR), is being explored as an addition to
nonpharmacological pain strategies. Recent systematic reviews
and early trials in specialist centers suggest XR interventions
may help reduce pain intensity, support emotional regulation,
and improve engagement [10-12]. A recent randomized trial
reported that V R-based therapy improved clinical outcomes as
well as brain imaging markersin chronic back pain [13]. Most
of this evidence, however, comes from tightly controlled
contexts rather than everyday practice, underscoring the need
for feasibility and implementation studies in primary care and
community settings [14,15].

We developed REDOCVR [RE (Reeducacio), DOC (Dolor
Cronic), VR (Virtual Reality)] in 2023 within a public primary
care network in Catalonia, Spain, where multidisciplinary group
programs for chronic pain were already established and
delivered by psychologists and physiotherapistsin linewith the
regional pathway [16]. Instead of developing a separate
intervention or testing XR in a laboratory, we included it into
existing sessions, keeping the same structure, timing, and
professional roles. Clinicians and patients codesigned content,
bringing together XR experiences for guided mindfulness,
psychoeducation, distraction, and interactive motor exercises.

This paper examines the feasibility and implementation of
REDOCVR in public primary care. By doing so, it directly
addresses recent callsfor research on how XR interventions can
be integrated beyond specialist centers and sustained in routine

https://xr.jmir.org/2025/1/e82858

clinical practice [14,15]. Itsinnovation lies in embedding XR
into established multidisciplinary group programs, codesigned
with patients and clinicians, rather than creating a new parallel
service. This pragmatic approach ensured the program was
conceived and delivered entirely within real-life clinical settings,
focusing on implementation outcomes relevant for scalahility.

Methods

Study Design and Setting

We conducted a hybrid type 2, nonrandomized, phased
implementation study conducted in public primary care centers
(PCC). The rollout was structured in three phases; this paper
reports on Phases 1 and 2, which examined feasibility and
optimization, while Phase 3 is ongoing and will be reported

separately.
Phases of I mplementation

Phase 1: Codesign and Single-Site Feasibility

Thefirst phase combined the participatory devel opment process
with a pilot group at PCC Apenins-Montigala. Between
September 2023 and February 2024, a core team of a
psychologist, a physiotherapist, family physicians, a medical
XR developer, technical partners, and patient representatives
worked together to define content, delivery conditions, and
safety procedures.

Professionals and patients cocreated the content to reflect the
prioritiesof primary care, and immersive content wasiteratively
refined to ensure usability and acceptability. This included
recording 360° videos with audio guides, reusing mindfulness
modules from a previous project [17] (body scan and mindful
breathing), and adapting the self-compassion module for the
context of chronic pain. In parallel, AR hand-tracking exercises
were designed in collaboration with professionals and patients
to support safe, engaging movement, aligned with the routine
interventions of the original program.

The pilot group (February-March 2024) completed eight
90-minute weekly sessions, with immersive content adjusted
to the therapeutic goals of each session. Feasibility work at this
stage focused on usability, acceptability, satisfaction, and
iterative refinements of both content and technical procedures.
XR was initially integrated into all weekly sessions in Phases
1and 2; later adjustments are reported in the Discussion section.

Phase 2: Multisite Optimization

The program was expanded to include 2 additional PCCswhile
continuing at Apenins-Montigala, comprising atotal of 7 groups
(3 at the original center, 2 at each new site). From the second
group onward in each center, a supervised medication tapering
protocol was introduced by family physicians, with scheduled
reviews aligned to study timepoints.
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Phase 3: Scale-Up

The program is currently extending to additional PCCs within
Badalona Serveis Assistencials and to externa institutions in
the Catalan primary care system. This phase emphasizes
readiness assessment, training of new professional teams, and
preparation for replication beyond the initial network. The
results from this phase will be reported separately.

Participants and Eligibility Criteria

Eligibility was limited to adults enrolled in chronic pain group
programs routinely offered at the PCCs. Participants had
experienced chronic pain for at least 3 months, most often
related to fibromyalgia, with no restrictions on pain site or
intensity. Exclusion criteria, based on diagnoses documented
in the medical record, included severe psychiatric or cognitive
disorders, epilepsy, major neurological or sensory impairments,
contraindicationsfor physical activity, or barriersthat prevented
regular attendance at group sessions.

Recruitment was coordinated by the physiotherapist and
psychologist leading the groups at each center. Patients invited
to join the chronic pain groups were informed that the program
included the option of using XR as part of our research study.
They could choose to participate with or without the XR
component and were free to continue in the group even if they
later decided to withdraw from the study. In routine practice,
referrals to the chronic pain groups were generally based on
patients presenting features such as central sensitization,
emotional distress, kinesiophobia, or limited response to prior
treatments, although these factors were not applied as formal
inclusion criteriafor the study. At a dedicated evaluation visit,
eligibility was confirmed by the physiotherapist or psychologist
responsible for the group, and written informed consent was
obtained together with baseline data. All patients who were
invited chose to participate.

As the intervention was embedded in standard care, no
randomization or blinding was applied. No formal sample size
calculation was conducted, asthese phasesfocused on feasibility
and to inform the design of subsequent groups. The sample size
was pragmatic, determined by patient enrollment in chronic
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pain groups during the study period. A minimum of 30
participants was considered sufficient to capture feasibility
issues and guide refinements for broader implementation.

Intervention

The intervention was deivered by psychologists,
physiotherapists, and family physicians routinely leading
group-based pain management programs. They received prior
training and continuous technical support from the institutional
innovation team, who had specific expertise in implementing
XRinclinical care and codesigned the intervention content.

Immer sive Dose and Delivery Conditions

XR content was applied for 15 - 20 minutes per session, with
duration adjusted to the therapeutic focus and participants
tolerance. All modules were delivered under direct facilitator
supervision. Headsets (Meta Quest 2 and 3) were preloaded
with the required content, sanitized between uses, and
configured individually. Quest 3 devices were prioritized for
AR passthrough sessions when available, given their superior
visua quality.

To support acclimatization among first-time users, XR elements
were introduced in a stepwise sequence. Early sessions began
with a passive, audio-guided VR body scan, after which
participants progressed to psychoeducational and mindfulness
modules, and later to AR passthrough motor exercises and
interactive tasks. This gradual progression reflected strategies
already tested in other XR initiatives within our institution,
whereit proved effective inimproving tolerability and reducing
cybersickness [18].

Final I ntervention Components

The codesign process resulted in 2 integrated components that
becamethe stable structure of REDOCV R sessions (see Figures
1 and 2). The XR content targeted 4 core domains relevant to
chronic pain care in primary care: mindfulness and attentional
focus; cognitive reframing and self-compassion; distraction for
symptom regulation; and exercisesto encourage safe, engaging
movement.
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Figurel. Immersive content devel oped and implemented in REDOCV R Phase 1: Panelsaf illustrate the REDOCV R augmented reality (AR) application
created for guided physiotherapy sessions, designed to encourage safe movement and reduce kinesiophobia. Tasks were implemented in passthrough
mode with hand tracking: (a) basic target interaction, (b) activation of the user interface menu by facing the left palm toward the user, (c) manipulation
of 3D objectsto promote reaching and coordination, (d) mosquito interception gameto train postural control and attentional focus, (€) spatial reasoning
puzzle based on Tetris blocks, and (f) visual memory puzzle with image fragments. Panels g~ show Unity-based VR environments from the Projecte
Benestar program, integrated into group psychology sessions to support nonpharmacological pain management: (g) body scan practice in azen garden

environment, (h) guided mindful breathing exercise at a virtual beach, and (i) psychoeducational module introducing the RAIN (Recognize, Allow,
Investigate, Nurture) framework for emotion regulation.
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Figure 2. Implementation of XR content in REDOCVR sessions. The left column illustrates psychology-led sessions using the 360° virtua reality
(VR) videos to support mindfulness and emotional awareness. A supervising tablet (top) allowed facilitators to monitor the video being displayed in
the headsets, while group sessions (middle and bottom) were conducted with live guidance. The right column illustrates physiotherapy-led sessions.
The top panel shows VR-based physical activity using controllers. The middle panel displays the augmented reality (AR) interface of the REDOCVR
application with a gamified motor task from the participant’s perspective. The bottom panel depicts AR passthrough exercises using hand tracking
during group movement practice. All sessions were supervised to ensure patient comfort and safety.

ay 3
-

e

Psychol ogy-focused sessions used VR modules to support
psychoeducation, mindfulness, and emotional regulation.
Depending on the session, participants worked with either
the created 360° videos with audio guides (“ Making peace
with the pain” on natural beaches and amindful diveinthe
Barcelona Aquarium) or Unity-based VR environments
illustrating psychoeducational and cognitive reframing
concepts. Moduleswere brief, noninteractive, and activated
by simple hand-tracking. Together, they provided
complementary approaches to emotiona regulation,
designed to be accessibletofirst-time XR usersand flexible
across sessions.

Physiotherapy-focused sessions integrated XR tools to
encourage physical activation and body awareness. The
REDOCVR AR app projected virtual objects into the
physical space using passthrough and hand tracking, with

intercepting exercises requiring postural control (reacting
to moving stimuli at 2 difficulty levels), and motor puzzles
(shape-matching tasks). These modules incorporated
elements of gamification, embodiment, and immersive
presence to encourage motivation, athough these factors
were not directly assessed as outcomes. To provide a
structured comparison, some sessions also used VR
movement games from Immersive Oasis (a Spanish XR
start-up). These games, operated with headset controllers
rather than hand tracking, promoted functional movement
while alowing evaluation of engagement and tolerability
across different formats (AR vs VR, hand tracking vs
controllers). Implementation fidelity was maintained by the
standardized session scheme and calendar already
established for the chronic pain groups, into which XR
modules were integrated uniformly across sites.

tasks chosen by the physiotherapist according to functional

godls. target interactions (touching floating objects), All immersive content was available offline, preloaded in the

headsets. Appsdid not collect or transmit data; the only element

https://xr.jmir.org/2025/1/e82858

XSL-FO

RenderX

JMIR XR Spatial Comput 2025 | vol. 2 | e82858 | p.194
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

requiring Wi-Fi was the optional Reality Telling tablet app for
synchronizing playback of 360° videos.

Outcome M easures

As this was an early-phase study, no explicit thresholds for
feasibility or clinical outcomeswere prespecified. The primary
aim was to assess usahility, tolerability, and feasibility of
implementation under routine primary care conditions. The
results were interpreted descriptively to guide adjustments in
program delivery and inform the design of subsequent
implementation phases, rather than to determine continuation
or termination against predefined criteria.

I mplementation Outcomes

Usahility was assessed with 2 adaptations of the System
Usahility Scale (SUS), a validated instrument widely used in
digital health research [19,20]. The patient version wasreduced
to 8 items, while the professional version retained the original
10 itemswith wording adapted to clinical use of XR. Both used
5-point Likert scales, with scores cal cul ated following standard
proceduresand rescaled to a0 - 100 range. Thisapproach aligns
with recommendations to adapt usability tools for real-world
XR implementations [21] and is supported by evidence that
removing alternating positive-negative phrasing improves clarity
without compromising validity [22-24].

Satisfaction and engagement were evaluated with a 10-item
guestionnaire developed for this study, covering perceived
usefulness, ease of use, content quality, emotional impact, and
physical comfort, scored on a5-point Likert scalewith responses
similarly rescaled to a0 - 100 scale.

Adherence was defined as attendance at all scheduled sessions
and completion of pre- or post-assessments. Most sessionswere
observed in person by the main investigator, with telephone
debriefs where this was not possible. XR use and safety were
monitored on asession-by-session basis, but without astructured
or protocolized register; feedback was noted informally. Headset
tolerability and safety were assessed with an 8-item
guestionnaire using 5-point Likert scales, covering comfort,
fatigue, visual discomfort, dizziness, headache, and session
interruption. Responses were analyzed descriptively at theitem
level rather than as a total score.

Qualitative feedback was obtained through a comments form,
available at each session and again with the post-evaluation
tests. Theform contained asingle free-text field without guiding
guestions. Responses were reviewed after each group to identify
recurring perceptions. Informal remarks made during sessions
were used to adjust delivery pragmatically but were not
systematically examined.

Clinical Outcomes

Emotional well-being was measured with the 14-item
Warwick-Edinburgh Mental Well-being Scale (WEMWBYS),
validated in Spanish samples with strong internal consistency
(0=.90 - .93) [25,26].

Anxiety and depressive symptoms were assessed using the
Hospital Anxiety and Depression Scale (HADS), Spanish
version, which demonstrates strong internal consistency (a=.84
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for anxiety, a=.85 for depression) and robust construct validity
[27,28].

Central sensitization was evaluated with the Central
Sensitization Inventory (CSl), scored O - 100, with scores =40
indicating clinically relevant sensitization. The Spanish version
shows solid psychometric properties in clinical populations
[29,30].

Health-related quality of life was measured with the 5-level
EuroQol (EuroQol — 5 Dimensions — 5 Levels [EQ-5D-5L]),
using Spanish population normsto derive utility indices[31,32].

Medication use was reviewed in scheduled visits with family
physicians, who checked el ectronic prescriptions together with
patients and confirmed actual doses and any additional drugs
not recorded. This measure was applied only in groups that
included the deprescribing component.

Data M anagement

Overview

We conducted assessments at baseline (month 0),
post-intervention (month 2), and follow-up (month 5).
I mplementation outcomes were assessed at program compl etion,
clinical outcomes at baseline and completion, and medication
use at al 3 time points in groups where tapering was
implemented. Questionnaires were administered on paper by
the program facilitators, pseudonymized with unique
alphanumeric codes, and transcribed into electronic
spreadsheets. Datawere stored on encrypted ingtitutional servers
with restricted access and regular backups, in compliance with
Spanish data protection laws (Ley Organica de Proteccion de
Datos y Garantia de Derechos Digitales 3/2018) and the
European General Data Protection Regulation (EU 2016/679).

Statistical Analysis

Descriptive statistics were used to summarize sociodemographic
data, clinica characteristics, and questionnaire responses.
Continuous outcomes are presented as means with standard
deviations or medians with interquartile ranges, according to
distribution. Internal consistency was assessed for the adapted
SUS questionnaires. Exploratory pre-post comparisons of
clinical outcomes were conducted with paired-sample tests.

Reporting Guidelines

The study was reported in accordance with established
guidelines. We followed the CONSORT extension for pilot and
feasibility trials (see Checklist 1), the TIDieR checklist for
intervention description (Checklist 2), RATE-XR for immersive
technology research (Checklist 3), andiCHECK-DH for digital
health implementation (Checklist 4).

Ethical Considerations

Ethical approval was obtained from the Institut Universitari
d'Investigacié en Atencid Primaria Jordi Gol Research Ethics
Committee for both study protocols (refs. 24/047-P and
24/211-ACps), which are registered at ClinicaTrials.gov
(NCT06361706 and NCT06964360). The REDOCVR XR
content wasimplemented only as nontherapeutic support within
agroup psychoeducational program. After review by the Spanish
Agency of Medicines and Medical Devices, it was formally
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classified as nonmedical device software, and no regulatory
authorization was required.

All participants provided written informed consent before
enrollment. Study data were deidentified prior to analysis, and
no persona or health identifiers were collected by the XR
software. Participants did not receive compensation for their
participation. Figure 2 includes images where participants and
clinicians are partially identifiable; written informed consent
for publication of theseimageswas obtained from all individuals
depicted and archived by the research team.

Results

Sample Characteristicsand Adherence

A total of 42 participants were enrolled across 7 intervention
groupsat 3 PCCsduring 2024. Of these, 36 (85.7%) participants
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completed the full intervention and both pre- and
post-assessments, with no missing outcome data among
completers. Analyses of clinical outcomes were based on this
final sample (n=36), with a mean age of 57.7 years (SD=9.36;
range 40 - 79) and a predominance of women (97.2%, n=35).
Adherence was high, with the 6 dropouts attributed to patients
logistical or scheduling conflicts, with no study-related reasons
reported. Figure 3illustratesa CONSORT-style participant flow
diagram, while Table 1 details group composition across phases,
from initial optimization to the later inclusion of supervised
medi cation tapering.
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Figure 3. Flow of participants through the REDOCVR intervention groups. CONSORT-style diagram illustrating enrollment, dropout, and analysis
for the 7 nonrandomized groups implemented in 2024. A total of 42 participants were enrolled across 3 primary care centers, of whom 36 (85.7%)
completed the full intervention and both pre- and post-assessments. Analyses of clinical outcomeswere based on these 36 participants. Medication-related
outcomes were analyzed separately in the subset of 22 participants who took part in groups that included supervised medication tapering.

Assessed for eligibility (n=42)

Included in intervention (n=42)

Allocated to full program with

Allocated to base program (n=18) medication tapering (n=24)

Drop-offs (n=4) Drop-offs (n=2)

Completed base program (n=14) Completed full program (n=22)

Total completed intervention: 36

Final sample analyzed
* Included for base program final assessment: 36
* Included for medication tapering 22 (subset of 36)
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Table. Distribution of REDOCVR intervention groups and participants completed in 20242,
pccP Group Phase Implementation  Program ses- Included Completed post- Medication taper-
sions (N=42), n evaluation ing (N=22), n
(N=36), n
Apenins-Monti- Group 1 Phase 1 Base program Feb-Mar 2024 6 4 -
gaa optimization
Apenins-Monti-  Group 2 Phase 2 Introductionof  May-Jun2024 6 6 6
gaa medication taper-
ing
Apenins-Monti- Group 3 Phase 2 Fully optimized Sept-Oct 2024 6 5 5
gala program
Progrés-Raval Group 1 Phase 2 Base program Apr-May 2024 6 5 -
only
Progrés-Raval Group 2 Phase 2 Fully optimized Sept-Nov 2024 6 6 6
program
Morera-Pomar ~ Group 1 Phase 2 Base program Apr-Jun 2024 6 5 -
only
Morera-Pomar ~ Group 2 Phase 2 Fully optimized Sept-Nov 2024 6 5 5
program

@Distribution of REDOCV R intervention groups completed in 2024 across 3 public primary care centers (PCCs) in Catalonia, Spain. The study followed
a hybrid type 2, nonrandomized, phased implementation design. This paper reports on Phases 1 and 2, which focused on feasibility and optimization,
while Phase 3 is ongoing and will be reported separately. The table shows participants’ details by implementation phase, session completion, and

inclusion of supervised medication tapering where applicable.
bpcc: primary care center.

Implementation Outcomes

System Usability

Patient-reported usability was high, with a mean SUS score of
81.4 (SD 17.1; 95% CI 75.6 - 87.1). Most participants (83%,
n=30) scored above the standard benchmark of 68, indicating
strong perceived usability. Item-level results, including English
tranglations of the adapted questionnaireitems, are provided in
Table 2. Internal consistency of the adapted 8-item scale was
acceptable (Cronbach a=.70).

https://xr.jmir.org/2025/1/e82858

SUS scores from 8 health care professionals (3 psychologists,
3 physiotherapists, 1 family physician, and 1 biomedical
technician) averaged 59.06 (SD 8.96; 95% Cl 51.6 - 66.5).
Item-level ratings showed a mixed picture, with perceived
contribution to patient care and clarity of simulation features
scoring high, while system integration and need for support
were rated lower. Internal consistency was low (Cronbach
0=.28).
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Table. Usability and satisfaction outcomes: patient and professional System Usability Scale (SUS), and patient satisfaction questionnaire.
Questions (English trandlation) Mean (SD) 95% ClI

(A) Patients—Adapted SUS (n=36, 8 items,
Cronbach a=.70)2

I think | would liketo usethis program frequent-  90.28 (22.58) 82.64 - 97.92
ly.

| think the program is unnecessarily complex.  75.69 (34.06) 64.17 - 87.22
| think the exercises are more engaging with the 82.64 (32.08) 71.78 - 93.49
VRP headset than conventional methods.

| think the simulation options are clear and well  93.75 (19.25) 87.24 - 100.26
integrated.

I think some options are difficult to follow. 75.69 (34.58) 63.99 - 87.4

| think peoplewill learnto usethissystem easily. 81.25 (29.5) 71.27 - 91.23
| felt comfortable using this system. 89.58 (21.86) 82.19 - 96.98
| had to learn many things before being ableto  61.81 (40.31) 48.17 - 75.44
use the system.

Total patients SUS score 81.35(17.1) 75.56 - 87.14

(B) Professionals—Adapted SUS (n=8, 10 items, Cronbach a=.28)".

| believe this program will help improve the 84.38 (12.94) 73.56 - 95.19
quality of patient care.

| believe the program interface is intuitive for 75 (18.9) 59.2 - 90.8
the user.

| believe the program can be easily integrated ~ 53.13 (36.44) 22.66 - 83.59
into daily clinical practice.

| believe the simulation’s features are clear and  81.25 (11.57) 71.57 - 90.93
relevant to patient care.

Some features of this system may bedifficult for 28.13 (20.86) 10.68 - 45.57
patients to understand or use.

| believe patients will be ableto learn to usethis  68.75 (22.16) 50.22 - 87.28
system easily.

| felt comfortable using this system for patient  78.13 (20.86) 60.68 - 95.57
care.

You needed additional timeto learn how touse  40.63 (32.56) 13.4 - 67.85
this system correctly.

| believe the weight and design of theheadset ~ 56.25 (34.72) 27.22 - 85.28

may be uncomfortable for some patients.

| believe using the headset and controllerscould 25 (18.9) 9.2-40.8
be difficult for some patients.

Total professionals SUS score 59.06 (8.96) 51.57 - 66.55

(C) Patients—Satisfaction questionnaire (ad hoc, n=36, 10 items; Cronbach a=.81)d.

Overal, how do you rate the VR experience 88.89 (13.94) 84.17 - 93.61
during the chronic pain management sessions?
What is your opinion on the usefulnessof VR~ 82.64 (15.61) 77.36 - 87.92
for pain reduction?
Isthevisual and image quality of the VR satis  88.19 (12.66) 83.91 - 92.48
factory for you?
Isinteraction with the VR during sessionseasy  87.5 (17.42) 81.6 - 934
to understand and use?
How do you rate physical comfort whileusing  80.56 (21.64) 73.23 - 87.88
VR?
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Questions (English translation) Mean (SD) 95% ClI
Has VR improved your concentration and ability  73.61 (21.5) 66.34 - 80.89
to manage pain?
What do you think about the variety of VR con-  82.64 (18.73) 76.3 - 88.98
tent available for your pain management ses-
sions?
How do you rate the support and guidanceyou  92.36 (14.42) 87.48 - 97.24
received during the VR sessions?
Isthe duration of the VR sessions adequate for 75 (26.05) 66.19 - 83.81
your goals?
Doyou intendto continueusing VR inyour pain  72.92 (25.62) 64.25 - 81.58
management sessions?
Total patients's satisfaction score 82.43 (11.69) 78.48 - 86.39

8patient System Usability Scale (SUS, adapted 8-item version; n=36). Total and item-level mean scores are presented on a 0100 scale.

BVR: virtual reality.

CProfessional SUS (standard 10-item version; n=8 health care professionals: 3 psychologists, 3 physiotherapists, 1 family physician, and 1 biomedical
technician). Total and item-level mean scores are presented on a 0-100 scale.

9patient satisfaction questionnaire (ad hoc; n=36). Itemswererated on a0-100 scale and are shown asmean (SD). All questionnaire itemsweretrans ated

into English for reporting.

Satisfaction

Overall satisfaction was high, with a mean score of 82.4 (SD
11.7; 95% Cl 78.4 - 86.4). The highest ratingswerefor support
and guidance received (92.4), overal experience (88.9), and
visual quality (88.2). Lower, though still positive, scores were
reported for intention to continue use (72.9), session duration
(75), and concentration and pain management (73.6). Item-level
results with English translations are presented in Table 2.

Tolerability and Safety

Headset tolerability was generally high, with most participants
disagreeing with statements indicating discomfort or adverse

https://xr.jmir.org/2025/1/e82858

effects (Table 3). Dizziness (5.6%) and headache (5.6%) were
rarely reported as frequent, and only 1 participant (2.8%)
stopped a session due to discomfort. Fatigue in arms or hands
was more common (33.3% agreement), likely reflecting the
physical effort of interactive tasks rather than adverse effects.
About half (50%) of participants rated the headset as
comfortable for prolonged use. Overall, these findings suggest
good tolerability with only occasional transient discomfort.
Supervision confirmed correct use of XR without major
incidents, and the open-ended feedback gathered during these
sessions is described in the following section.
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Table. Tolerability and safety of VR headsets (n=36)2
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Question (English Strongly disagree (%) Disagree (%) Neutral (%) Agree (%) Strongly agree (%)
translation)

The headset wasvery 50 8.3 8.3 25 8.3
heavy and uncomfort-

able

Using the headset and 61.1 139 8.3 111 5.6
controlswas very com-

plicated

| felt fatiguein my 4.4 139 8.3 25 8.3
arms and fingers

| felt visual discomfort 72.2 111 2.8 111 2.8

| felt dizzy 63.9 22.2 8.3 2.8 2.8
| experienced headache 77.8 8.3 8.3 28 2.8

| hadtostopthesmula-  83.3 8.3 5.6 0 2.8
tion due to discomfort

I think it would be 8.3 13.9 27.8 22.2 27.8

comfortable to use
these glassesfor along
time

#Tolerability and safety of virtual reality (VR) headsets during REDOCVR sessions among patients with chronic pain in public primary care (n=36).
Responses are reported as the percentage of partici pants selecting each option on a5-point Likert scale (strongly disagreeto strongly agree). Questionnaire

items were translated into English for reporting.

Qualitative and Comparative Feedback

Patient feedback, collected through the comments form (see
Multimedia Appendix 1 for thematic analysis), underscored
both therapeutic and practical aspects of the program. The 360°
mindfulness videos and the self-compassion module were
consistently described as the most meaningful. Many
participants noted that the immersive format of body scan and
breathing practices made these techniques easier to follow, while
psychol ogistsemphasized in their debriefingsthat these elements
were particularly useful for consolidating skills introduced in
other sessions. A few participants reported brief emotional
discomfort during emotion-focused modules; these reactions
were anticipated as part of the process, addressed by clinicians,
and did not disrupt participation.

Patients also drew clear contrasts between modalities. AR
exercises were described as intuitive and less tiring, with
passthrough providing orientation that supported group flow.
VR was seen as more immersive and distracting, though some
participants reported temporary dizziness, fatigue, or visual
strain after longer interactions. Across groups, patients
consistently preferred hand-tracking over controllers, citing its

https://xr.jmir.org/2025/1/e82858

natural interaction and shorter setup time (see Multimedia
Appendix 2 for avideo of the program sessions and content).

Professionals echoed some of these observations and noted
additional logistical challenges. VR sessionsrequired extratime
to configure safety areas and adjust headsets individually. At
least 1 physiotherapist described difficulty leading a group of
8 patientsby himself, as sequential headset setup left participants
waiting; these issues were less frequent when 2 or 3
professionals co-led with technical support. Setting up the
connection for tablet-controlled synchronization of 360° videos
was al so seen as an added burden, further highlighting the need
for streamlined logistics (see Multimedia Appendix 2 for avideo
of the program sessions and content).

Across groups, patients suggested extending the program,
increasing session frequency, and considering access to VR
content outside the clinical setting.

Clinical Outcomes

Normality assumptions determined the choice of test:
paired-sample t tests were applied to normally distributed
continuous outcomes (WEMWBS, HADS, CSlI; Table4), while
Wilcoxon signed-rank tests were used for ordinal EQ-5D-5L
domains (Table 5).
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Table. Paired-samplet tests for normally distributed outcomes.
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Variable Mean difference (95% ClI) P value Cohend
Emotiona wellbeing 4.83(2.92t06.74) <.001 0.86
HADS-A nxietya —2.47 (-3.75t0-1.20) <.001 0.66
HADS-Depression -1.64 (-2.53t0-0.75) <.001 0.62
csP -3.22(-7.1810 0.73) 0.1107 0.28
#HADS: Hospital Anxiety and Depression Scale.
bCSI: Central Sensitization | nventory.
Table. Wilcoxon signed-rank test results for EQ-5D-5L2 dimensions
EuroQol (EQ-5D-5L) dimen- 141 b median change (95% P value Effect size (r) Interpretation
sions cl
Mobility -1.0(-1.0t0 0.0 0.0182 0.39 Significant improvement
(moderate)
Self-care 0.0(-0.5t00.0) 0.3374 0.16 No significant change
(small)
Usua activities 0.0(-0.5t00.5) 0.772 0.05 No change (very small)
Pain/Discomfort -0.5(-0.5t00.0) 0.084 0.29 Trend toward improvement
(moderate)
Anxiety/Depression 0.0 (-0.5t00.0) 0.2869 0.18 No significant change

(small)

3EQ-5D-5L: EuroQol 5-Dimension 5-Level questionnaire.
BHL: Hodges-L ehmann.

Table 6 presents pre-post values for clinical outcomes (n=36).
Emotiona well-being (WEMWBS) increased from 16.9 (SD
4.9) to 21.7 (SD 6.1), with a mean change of 4.8 (95% CI
29-6.7, P<00l, Cohen d=0.86). Anxiety symptoms
(HADS-Anxiety) decreased from 13.1 (SD 4.3) to 10.7 (SD
4.3), mean change —2.5 (95% Cl —-3.8 to —1.2, P<.001, Cohen

https://xr.jmir.org/2025/1/e82858

d=0.66), and depressive symptoms (HADS-Depression) from
10.6 (SD 3.4) to 9 (SD 4.2), mean change —1.6 (95% CI —2.5
to 0.7, P<.001, Cohen d=0.62). Centra sensitization (CSl)
declined dlightly, from 60.7 (SD 14.2) to 57.5 (SD 13.4), mean
change —3.2 (95% Cl —7.2t0 0.7, P=.11, Cohen d=0.28).
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Table. Clinical outcomes: descriptive statistics and pre—post differences (n=36)2.

Variable Mean (SD) Median (IQR) Range (Min-Max) 95% CI for mean
Descriptive statistics”

Emotional wellbeing (Pre) ~ 16.89 (4.92) 16.5 (6.25) 8-26 15.22 - 18,55
Emotional wellbeing (Post) 21.72 (6.14) 23.0(8.25) 7-34 19.64 - 23.80
HADS-Anxiety (Pre) 13.14 (4.28) 135 (5.5) 4-20 11.69 - 14.59
HADS-Anxiety (Post) 10.67 (4.27) 10.5 (7.25) 4-20 9.22- 1211
HADS-Depression (Pre) ~ 10.61 (3.43) 10.0 (5.0) 2-18 9.45 - 11.77
HADS-Depression (Post) ~ 8.97 (4.23) 9.0 (5.0) 1-21 7.54 - 10.40
CSI® (Pre) 60.72 (14.18) 60.0 (18.0) 34-95 55.93 - 65.52
CSl (Post) 57.50 (13.42) 58.0 (15.25) 33-94 52.96 - 62.04
Mobility (Pre) 2.19(0.92) 2.0 (1.25) 1-4 1.88 - 2,51
Mobility (Post) 1.78(0.83) 2.0(1.0) 1-4 1.50 - 2.06
Self-Care (Pre) 1.72 (0.66) 2.0(1.0) 1-3 150- 195
Self-Care (Post) 1.58 (0.81) 1.0(L0) 1-4 1.31- 186
Usual activities (Pre) 2.47 (1.00) 25(1.0) 1-5 213-281
Usual activities (Post) 2.42(1.20) 3.0(2.0) 1-5 2.01-2.82
Pain/Discomfort (Pre) 3.69 (0.75) 4.0(1.0) 2-5 344 - 395
Pain/Discomfort (Post) 3.44(0.73) 4.0(1.0) 2-5 3.20 - 3.69
Anxiety/Depression (Pre)  3.31(1.14) 3.0(1.0 1-5 292 - 3.69
Anxiety/Depression (Post) ~ 3.06 (1.33) 3.0(2.0) 1-5 2.61- 351

&Clinical outcomes for patients with chronic pain participating in the REDOCV R program in public primary care (n=36).
bD&et:riptive statistics for all outcome measures, including mean (SD), median (IQR), range, and 95% CI.

CCsl, Central Sensitization Inventory.

For quality of life (EQ-5D-5L), Mobility improved significantly
(median change—-1.0, 95% Cl —1.0t0 0.0, P=.02, r=0.39), while
Pain/Discomfort showed a nonsignificant trend toward
improvement (median change—0.5, 95% CI —0.5t0 0.0, P=.08,
r=0.29). Self-Care, Usual Activities, and Anxiety/Depression
domains showed no significant changes.

Medication Tapering

Among the 22 participants who followed the deprescription
protocol, medication use declined across several categories

https://xr.jmir.org/2025/1/e82858

RenderX

(Table 7). Between baseline and the 5-month review, the largest
mean reductions were in benzodiazepines (71.7%, 6 complete
discontinuations), opioids (41.8%, 5 discontinuations), and
muscle relaxants (48%). More modest decreases were seen for
NSAIDsand non-opioid analgesics. Patternsfor antidepressants
and pain modulators were mixed, with some patients starting
new treatments during follow-up.
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Table. Medication tapering by therapeutic category at 2 and 5 months post-intervention®.

Medication type Timepoint Mean (%) Median (%) IQR (%) Range (%) N complete stops
(months)

NSAIDS 2 29.86 33 45.75 0-100 1
NSAIDs 5 25.14 16.5 50 —100 to 100 2
Non-opicidana- 2 2831 125 37.25 0-100 2
gesics

Nop—opi oidana- 5 30 125 49 0-100 2
gesics

Antidepressants 2 161 0 0 —100 to 100 3
Antidepressants 5 8.29 0 0 -100 to 100 6
Benzodiazepines 2 45 25 100 0-100 4
Benzodiazepines 5 717 100 45.75 0-100 6
Pain modulators 2 19.44 0 25 0-100 1
Pain modulators 5 34.22 25 50 0-100 2
Opioids 2 40.13 33 60 —100 to 100 5
Opioids 5 41.8 43 93 -100 to 100 5
Musclerelaxants 2 48 48 23 25-71 0
Musclerelaxants 5 48 48 23 25-71 0
Others 2 25 25 0 25-25 0
Others 5 100 100 0 100-100 1

3\l edi cation tapering by therapeutic category at 2 and 5 months after participation in the REDOCV R program (n=22 patients with medication follow-up).
Values represent percentage change in daily intake from baseline to each follow-up. Changes were calculated for each medication record and then
aggregated by category. “N complete stops’ indicates the number of participants who fully discontinued that medication. Negative values (eg, —100%)
denoteinitiation of amedication not used at baseline. Data are reported as mean, median, interquartile range (1QR), and minimum-maximum percentage
change for each category. “ Others’ refersto asingle case of Versatis (lidocaine medicated plaster).

PNSAIDs: nonsteroidal anti-inflammatory drugs.

Discussion

Principal Findings

This study examined the early implementation of REDOCVR,
an XR-enhanced group program for chronic pain in primary
care. The findings suggest that immersive technologies can be
integrated into existing care structureswithout disturbing routine
delivery.

Satisfaction, tolerability, and usability indicators provide
additional insight into how the program was received. Patients
rated the sessions positively, reporting high satisfaction and
minimal discomfort. Cybersicknesswasrare, and overall headset
tolerance further supported the acceptability of XR in this
population. The adapted 8-item SUS for patients reduced
response burden while maintaining validity, consistent with
prior analyses of SUS modifications [21-24,33]. In contrast,
professional SUS scores showed low internal consistency, likely
due to the small and heterogeneous sample. Such factors are
known to reduce the stability of Cronbach a [34,35], whereas
prior studies suggest that 10-item adaptations generaly retain
reliability [21,22]. Our findings, therefore, probably reflect
contextual heterogeneity rather than flaws in the instrument
itself.

https://xr.jmir.org/2025/1/e82858

An exploratory review of the open comments provided
complementary insights into participants’ and professionals
experiences with XR. Feedback suggests that XR was
experienced less as anovel intervention in itself and moreasa
support that appeared to enhance engagement with the program’s
therapeutic content. In psychology-led sessions, immersivetools
supported mindfulness and sel f-compassion practicesthat some
patients otherwise found difficult to wunderstand. In
physiotherapy-led sessions, AR passthrough hel ped participants
perform movements in a safe and supervised way, while VR
increased immersion and mativation, both encouraging patients
to attempt physical activities they would normally avoid.

Exploratory clinical findings suggested improvements in
emotional well-being, anxiety, and depression, with effect sizes
in the moderate-to-large range. Statistically significant
improvements were observed in Mobility on the EQ-5D-5L,
while Pain/Discomfort showed only a nonsignificant positive
trend. Among participants enrolled in the deprescription
protocol, benzodiazepine, opioid, and NSAID intake decreased,
and severa participants achieved complete discontinuation.
Although causality cannot be inferred, these results are
consistent with the possibility that group-based interventions
may complement structured deprescription strategies [36].

JMIR XR Spatial Comput 2025 | vol. 2 | €82858 | p.204
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

Comparison With Prior Work

While our findings on patient usability and clinical outcomes
align with the existing literature [10,37], the primary
contribution of this study is its focus on pragmatic
implementation within a public primary care setting. We have
encountered barriers in early adoption similar to other reports
related to technical setup and workflow adjustments[38]. Prior
reviews have noted that most VR interventions for pain
concentrate on supporting specific aspects of health literacy or
self-management rather than integration into routine care [39].
By embedding X R within an established group program rather
than running it in parallel, REDOCVR addresses adoption
challenges noted in recent reviews [14,15,40] and shows how
immersive tools can fit into everyday service delivery.
Delivering XR in group sessions brings clear advantages,
including peer support, efficiency, and easier integration into
existing care pathways, though it comes at the expense of
individualized tailoring. Meta-analytic evidence in chronic pain
indicates that group-based approaches can achieve outcomes
comparabletoindividual formats[41]. Thisappearsparticularly
relevant in the context of the public health care system, where
resource optimization is not only desirable but often decisive
for adoption.

The improvements in emotional well-being and functional
outcomes align with the psychoeducational and behavioral
mechanismstargeted, consi stent with resultsfrom mindfulness-
and acceptance-based approaches [8,13]. The reduction in
medication use aso mirrors outcomes from other
multidisciplinary primary careinterventionsthat combine patient
education with supervised tapering [5]. What our findings add
is preliminary evidence that such effects may be achievable
when immersive tools are embedded into routine group care,
rather than tested only in parallel or experimental conditions.

Limitations

The intervention was delivered to a modest number of groups
within asupportive institutional setting, which may limit direct
transferability to other contexts. Resources such astrained staff,
headset availability, and organizational readiness facilitated
implementation and should be considered when adapting the
model elsewhere. Data collection on implementation fidelity
was pragmatic. For instance, the dose of immersive exposure
was guided by a time range (15 - 20 min) and adjusted for
tolerance, but not strictly logged for each individual patient in
every session. Adherence was assessed through attendance
records, while adverse effects were monitored through informal
therapist feedback and asingle post-intervention questionnaire,
rather than a structured, session-by-session register. The
qualitative component was restricted to an exploratory review
of written comments. While this offered useful contextual
insightsfor program refinement, it was not intended asaformal
qualitative study.

Other limitations are typical of early-phase implementation
research, and exploratory clinical outcomes should beinterpreted
with caution. The absence of randomization and a control group
limits causal inference. Generalizability is constrained by the
modest and predominantly female sample (97%), which reflects
the higher prevalence of chronic pain among women and the
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predominance of female participation in primary care group
interventions in Spain [2,42]. This imbalance may restrict the
applicability of findings to male patients. Participants also
represented a heterogeneous chronic pain population, and we
did not stratify by phenotype (nociceptive, neuropathic, or
nociplastic), which may have masked differential responses.
The group delivery model, while resource-efficient and
well-suited to public primary care, inevitably restricts
opportunities for individual tailoring [40]. The use of
self-reported measures introduces potential recall and social
desirability bias. Positive findings may have been partly
influenced by a novelty effect. Finally, the 5-month follow-up
isinsufficient to establish the durability of changes over time.

Implications and Future Directions

Despite these constraints, the findings have aready informed
practical adjustments. Feedback from patients and professionals
in Phases 1 and 2 reinforced the institutional support. Patients
reported high satisfaction and usability, while professionals
highlighted integration and workflow challenges. Combined
with the clinical findings, these insights guided the Phase 3
refinements. The program was refined in collaboration with the
full clinical team, leading to optimizationsto improvefeasibility.

In physiotherapy sessions, AR proved more suitable for larger
groups, where supervision and interaction needed to be fluid,
while VR was reserved for smaller groups. Both patients and
professionalsclearly favored hand-tracking, and all VR content
was adapted accordingly, eliminating the need for controllers
inthe VR exercise games. Synchronizing 360° videos from the
tablet required stable Wi-Fi, which was not always available.
External routers were used to compensate, adding setup
complexity. Efforts are underway to improve connectivity in
PCCs and reduce facilitator workload.

Informed by early-phase findings and aligned with Catalan
health system guidelines, the program will now follow the
conventional format of 12 weekly sessions co-led by a
psychologist and a physiotherapist, with selected sessions
involving family physiciansand nutritioniststo reinforce healthy
habits. XR use has been reorganized to fit within this structure,
concentrated into 4 sessions—2 psychology-led (mindfulness
and self-compassion) and 2 physiotherapy-led (motor
activation). Thistargeted approach preserves therapeutic value
while optimizing headset use and technical support across
centers.

Future evaluation should focus on systematic data collection
related to implementation fidelity. With XR use now organized
into defined modul es, session-by-session monitoring will allow
more precise analysis of exposure, usability, and adverse effects
across different modalities (eg, VR VSAR, passivevsinteractive
content). The expansion to additional centers and teamswill be
accompanied by structured pre-implementation focus groups
and complementary usability strategies. Combined with
established implementati on frameworks, these steps are expected
to generate the structured evidence needed to support broader
adoption. By linking fidelity monitoring with pragmatic
implementation, REDOCVR may help close the gap between
immersive research and everyday chronic pain care.
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Conclusions

Thefirst 2 phases of REDOCV R suggest that a person-centered,
codesigned XR program can be incorporated in primary care
chronic pain groups under rea-world conditions. The
intervention showed high adherence and favorable usability,
and both patients and professionals valued its contribution to

Ferrer Costaet d

use with supervised tapering are promising but should be
interpreted with caution given the feasibility design.

Thisstudy is, to our knowledge, thefirst to develop and evaluate
an XR program entirely within primary public health care. The
findings offer practical guidance for refining XR-based
interventions and preparing for wider scale-up. Ongoing work

engagement and session delivery. Exploratory improvements
in emotional well-being and reductionsin high-risk medication

on Phase 3 across additional centers will further clarify
long-term outcomes, scalahility, and adaptability to different
settings.
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Abstract

Background: Immersivevirtual reality (VR) technology presentsdigital simulationsthat create the sense of an actual experience.
VR simulations are persuasive enough to elicit physiological reactions that mirror real-world responses. Prior research suggests
that fear responses and sensation seeking are inversely correlated, but that work largely relies on self-reported outcomes and
hypothetical scenarios.

Objective: To more closely model real-world phenomena, we tested for inverse associations using an experiential height
exposure simulation and a behavioral task for sensation seeking. We tested these associations comprehensively by using multiple
methods for convergent evidence.

Methods: A total of 57 healthy undergraduates participated in an interventional study that included an anxiety-inducing VR
simulation, behavioral tasks, and personality inventories. The VR paradigm (Richie’'s Plank) prompted users to walk across and
step off a plank at the top of a skyscraper. This simulation of extreme height exposure and falling was intended to evoke fear.
Physiological recordings and self-reported state anxiety were collected prior to and during the experience. Behavioral sensation
seeking was quantified using an olfactory choice task offering a “boring” or “exciting” (risky) option varying in intensity and
pleasantness. Evoked fear was calculated as the difference between the calm (pre-plank) and provoked fear state (standing on the
plank), with correlations performed between evoked fear and personality and behavioral measures. The false discovery rate was
set to g<.05, with analyses conducted in SPSS.

Results: The VR experience evoked self-reported fear (P<.001) and physiological arousal (P<.006 for heart rate and P<.017
for respiration). Acrophobia correlated with self-reported fear in men and women (P<.01). Behaviora sensation seeking negatively
correlated with both self-reported fear (P=.02) and increased heart rate in men (P=.02). Behavioral and self-reported sensation
seeking were uncorrelated (P=.89). Self-reported fear was uncorrelated with physiological fear responses (P>.46).

Conclusions: VR simulations can producelifelike responsesto scenariosthat areimpractical to test in reality. Our demonstration
of an experiential manipulation negatively correlating with sensation seeking behavior in men increases confidence in other
findings from studies using more traditional methods. Our use of VR along with objective measures, for example, behavioral
tasks, and subjective measures, for example, self-report, confirm the effectiveness of these tools to investigate behavioral health
topics. Our findings further suggest that sex is an important intervening factor for fear and sensation seeking and that additional
study is warranted. This study highlights the potential of VR to expand convergent validity more broadly with other traits and
paradigms. Finally, VR technology permits presenting highly abstract or improbable scenarios, thus expanding the range of topics
for behavioral investigations. Given the ever-wider adoption of immersive therapeutics in the clinic, VR research will continue
to facilitate the study of biobehavioral outcomes and interactions with personality factors and advance actionable knowledge for
clinical applications.

(IMIR XR Spatial Comput 2025;2:e73785) doi:10.2196/73785
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Introduction

Immersive virtual reality (VR) produces the functional and
behavioral equivalence of actually being in a place, known as
“presence” [1-5]. Immersion arises from high-fidelity
stereoscopic visua and 3D audio stimuli that respond to user
inputs; together, these create an “inclusive, extensive,
surrounding, and vivid illusion of reality” [6]. Germane to
clinical research, VR can deliver experiencesthat feel authentic
but would otherwise be too dangerous, costly, or impractical to
administer in alaboratory setting [1]. Until recently, research
on evoked fear responses generally relied on affective pictures,
video, and threat scenarios [7-9]. Extending prior research
demonstrating that increasing immersive properties increased
evoked responses [10,11], VR technology offers the promise
of delivering experiences that are interactive, vivid, powerful,
customizable, and standardized for studying clinically relevant
outcomes.

Fear is an arousal response to threat stimuli, whereas anxiety
occurswhile approaching or anticipating athreat [12]; however,
the distinction between fear and anxiety becomes blurred asthe
threat gets closer or more certain [13]. Unreasonable fear and
anxiety elicited by particular stimuli can manifest as specific
phobias, which occur in ~10% of the population and are highly
comorbid, especially with anxiety, mood, and personality
disorders[14]. Thefear of heightsis the second most common
among these specific fears, with aprevalence of 4.5% [14], and
is twice as common in women than in men [14,15]. The
physiological fear response is mediated by the
Fight/Flight/Freezing System and autonomic arousal, which
can be readily quantified using altered heart rate [12,16].
Longitudinal evidence suggests that evoked physiological
responses are morereliabl e than baseline physiol ogical measures
[17]. Further, physiological responses appeared to be more
sensitive than self-reported valence to simulated threats when
those threats were more lifelike and created by
computer-generated graphics[11]. Immersive VR compared to
2D versions of provocative scenes evoked stronger physiological
and emotional responses, coinciding with a stronger sense of
presence [10,18]. Prior work indicates that virtual height
simulations effectively elicit fear-related arousal [5,19]. We
reasoned that arealistic experiential fear provocation would be
highly appropriate for investigating associations with other
objectively measured behavioral outcomes.

Sensation seeking, defined as “the seeking of varied, novel,
complex, and intense sensations and experiences, and the
willingness to take physical, social, legal, and financial risks
for the sake of such experience” [20], is a putative stress buffer
[21]. It is negatively associated with anxiety [19,22,23], risk
perception [22,24], and fear responses [25]; however, the
associations differ by sex (particularly on the Experience
Seeking dimension) [26]. Unsurprisingly, fear-inducing activities
(eg, hang-gliding, BA SE jumping) attract high sensation seekers
[27,28]. Moreover, many “extreme sports’ (eg, bungee jumping,
skydiving, ultralight piloting) evoke the fear of falling, a
powerful and common “natural fear” in humans [29].

https://xr.jmir.org/2025/1/e73785
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Sensation seeking is traditionally measured with self-report
inventories[30,31]. To quantify sensation seeking and overcome
some of self-report’s intrinsic limitations, such as socia
desirability, self-awareness, cultural limitations, and criterion
contamination [32-35], we created abehavioral task that models
the key aspectsof thistrait [36]. The AromaChoice Task (ACT)
guantifies sensation seeking behavior asabinary choice between
olfactory stimuli varying in intensity, novelty, and riskiness
using actual sensory experiences presented in real time.
Sensation-seeking behavior in this task correlates with
self-reported sensation seeking [36], reward-related brain
activation [37], and a cohol-induced shiftsin reward preference
[38]. Given the body of work suggesting that studiesrelying on
low-realism tasks, hypothetical choices, and self-report
guestionnaires|imit neurobehavioral [39] and behavioral genetic
[40] conclusions, our objective sensation seeking task quantifies
the behavioral trait as described by Zuckerman [30].

Whilevirtual height simulations consistently elicit physiological
reactions [5,19,41,42], only a few studies have examined
rel ationshi ps between behavior and sensation seeking; however,
in VR [19,43], no studies, to the best of our knowledge, have
tested for associations of physiological fear responses and
behavioral sensation seeking. We expect more ecologically
valid manipulations (ie, greater resemblance to rea-world
experience) of fear and anxiety, such asarealistic VR simulation
of extreme heights, paired with objective behavioral measures
of sensation seeking to reveal more generalizable findings for
clinica research. Here, we dlicit fear responses with an
immersive interactive height exposure simulation [44] and test
for associations with sensation seeking behavior. We quantify
fear responses as subjective (evoked state anxiety) and objective
(evoked physiological arousal). We hypothesize that (1) the
virtual height simulation will increase evoked state anxiety and
physiological arousd, (2) evoked state anxiety and physiol ogical
fear responses will be positively associated, (3) height anxiety
will correlate with evoked state anxiety, (4) behavioral sensation
seeking and self-reported evoked state anxiety will be negatively
associated, and (5) behaviora sensation seeking and
physiological fear response will be negatively associated. We
also explore potential correlations between behaviora and
self-reported sensation seeking.

Methods

Ethical Consider ations

The Indiana University Institutional Review Board approved
all recruiting and study procedures (protocol number 17398).
Students provided informed consent before study participation.
Privacy and confidentiality were maintained for all participants,
and compensation was awarded in the form of class credit.

Participants

A total of 57 healthy undergraduate students were recruited
from an urban midwestern university viaonlinelistingsthrough
the university’s Sona Systems human subjects pool; course
credit was provided for participation. Students provided
informed consent before study participation. Exclusionsincluded
poor sense of smell, extreme sensitivity to odors or volatile
chemicals, chronic or current asthma, pregnancy or nursing, or
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the use of a nasally administered medication (excepting
steroids). Physiological datacollection deviceswere unavailable
in the beginning of the study, so those data were not collected
from 21 participants. Technical challenges additionally limited
data collection for heart rate and respiration (n=1), heart rate
only (n=2), and respiration only (n=1). At least 1 participant
did not feel well enough to complete the study and provided
only demographic and personality data.

Procedure

Prior to the VR experience, participants provided demographic
information and self-reports of anxiety, height-specific anxiety

Daugherty et a

(major component of acrophobia), and impulsive sensation
seeking. All self-report inventories were administered via
Qualtrics. Participants also completed the behavioral
sensation-seeking task. Participants were then guided through
an immersive fear-inducing VR simulation of height exposure,
with physiological recording initiated before the VR experience
and continuing until the VR task was completed. Self-reported
state anxiety was measured again near the end of the fear
induction while in VR. Figure 1 illustrates the experimental
procedures in atimeline format.

Figure1l. Experimental procedures. Undergraduate student participants were tested in the same manner in apre-post intervention design. Intake included
screening and informed consent, followed by a demographics questionnaire (eg, age, sex, childhood income, race). All procedures were completed
within 60 minutes and were conducted in the same experiment room (pictured in Figure 2A and B). Behavioral sensation seeking was assessed with
the Aroma Choice Task (ACT). Personality questionnaires included the State-Trait Anxiety Inventory for States (STAI-S), Acrophobia
Questionnaire-Anxiety, and Zuckerman Kuhlman Personality Questionnaire (ZKPQ). The Richie's Plank Experience is described in detail in the text.
Physiological data (heart rate and respiration) were recorded throughout virtua reality (VR).

Behavioral
Sensation
Seeking

Personality
Questionnaires

Intake,

Demographics

Physiological
Recording

Virtual Reality

Richie’s Plank e SRS

Figure 2. Experimental environment and display. (A) All experimental procedures were conducted in the private quiet room shown, with participants’
initial steps corresponding to the tactile experience of walking on aplank. (B) The researchers' view of the room and plank, and (C) the visual effects
asdisplayed to participants. Wind noise corresponding to high altitudeswas played through the headset speakerswhilewalking on the plank. Thetactile,
visual, and auditory elements integrated for an immersive visceral simulation of walking on aplank from acity building at extreme height. Participants

were oriented facing the plank at the onset of the paradigm.

Sdf-Report Inventories

Anxiety

Changes in self-reported anxiety before and during the
experience indexed evoked fear. The State-Trait Anxiety
Inventory for states (STAI-S) is a 20-item questionnaire rated
on aLikert-type scaleanchored by “not at all” (1) to “very much
s0” (4). Participants report how they currently fedl (eg, “ |1 feel
frightened” ). Total scores range from 20 to 80, with 80
indicating the highest anxiety levels [45]. This questionnaire
assessed baseline and evoked anxiety, with the subtracted
(Pre-Plank vs Plank) difference quantifying evoked anxiety.
We changed the administration of the STAI-S during data

https://xr.jmir.org/2025/1/€73785
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collection to better capture the emotional statewhiletill in VR.
The first 21 participants completed the inventory on a laptop
following the experience, but the last 36 participants were
queried verbally while still in the headset (standing on the end
of the virtual plank), and responses were recorded by the
experimenter. “Plank,” the post condition, refers to both ways
of measurement. This change was provoked by the concern
based on behavioral observation that STAI-S responses
following the experience might be substantially influenced by
relief, that is, anxiety alleviation, upon the termination of the
fear-inducing experience. To ensure consistency, both the
Pre-Plank and Plank STAI-S inventories were conducted
verbally following this change.
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Height-Specific Anxiety

The Acrophobia Questionnaire-Anxiety is a 20-item
guestionnaire that poses hypothetical height-related fear
scenarios (eg, “looking down a stairway from several flights
up”) and collects responses on a 7-point Likert-type scale
anchored by “not at al anxious; cam and relaxed” (0) to
“extremely anxious” (6). Total scoresranged from 0 to 120 with
higher scores indicating greater levels of anxiety specifically
related to heights, or acrophobia [46].

Impulsivity and Sensation Seeking

The Zuckerman Kuhlman Personality Questionnaireisa50-item
forced-choice inventory posing self-descriptive statements (eg,
“1 often do things on impulse”). The 5 subscales are impulsive
sensation seeking, neuroticism-anxiety, aggression-hostility,
activity, and sociability. Possible scores on each ranged from
1to 10, with 10 indicating a high presence of thetrait [47].

Behavioral Sensation Seeking

The Aroma Choice Task (ACT) is a validated behavioral test
of sensation seeking that measures the relative preference for
an intense, novel, varied, risky option versus a mild, safe,
“boring” option, with odorants delivered in rea time.
Participants are instructed:

For the next 12 minutes, you will make choices about
some smells. The choicelabeled * Sandard’ will likely
be mild and pleasant. The choice labeled ‘Varied’
will likely be stronger and pleasant, but there is a
chance that it will be unpleasant. Upon making a
choice, please inhale deeply through your nose to
receive the aroma.

Choice ratio, the percentage of “Varied” choices out of atotal
of 20 binary choice trials (range: 0% - 100%), yields a single
behavioral index reflecting behavioral sensation seeking
(designed after self-reported sensation-seeking trait descriptions)
[30,31]. The origina ACT was developed with an air dilution
olfactometer [36], but a simpler, manual version yielded
analogous results [38]. We further modified the task to deliver
20 trialsinstead of the original 40, as our prior work indicated
that the first 20 trials accurately capture the trait with lower
participant burden [36].

Physiological Recording

Heart rate, respiration, and skin conductance were collected for
36 participants using the BioRadio (Great Lakes
Neurotechnologies; Cleveland, OH, USA) and skin electrodes
plus a respiratory inductance plethysmography belt, with data
logged on a laptop computer. At least 1 researcher closely
assisted the participant during VR to prevent collisions and
stumbles. A second researcher entered live event markers(single
keystrokes) that werelogged in the BioRadio data stream asthe
participant progressed through the phases of the VR experience.
Standardized breathing exercises (eg, Balban et a [48]) prior
to VR were intended to mitigate physiological variability
between participants. The “ Pre-Plank” measurementsincluded
the anticipatory elevator ride up to altitude and the 20 seconds
before stepping onto the plank (mean 0.74 [0.24] minutes; max
1.70). The “Plank” measurements comprised stepping onto the
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plank after the 20 seconds was complete and then walking the
length of the plank and off into freefall (mean 1.88 [0.60]
minutes; max 2.85). Skin conductance data were not analyzed.

Virtual Reality

The fear of falling from heights is an “innate” fear, that is,
nonreliant on associative conditioning [29] or locomotion
experience[49], and nearly universal [50], meaningitishighly
generalizable and reliable for eliciting potent fear responses.
Animmersive height exposure simulation was delivered on the
Meta Quest 2 head-mounted VR display. The Meta Quest 2
features 6 degrees of freedom, high refresh rate (up to 120 Hz),
and adjustment for interpupillary distance [51,52]. These
features, combined with limited movement and short VR
duration (mean 2.90 [0.58] minutes, max 3.90), minimized the
risk of VR sickness [53]. Nonetheless, participants were
informed about the risk of VR sickness and were encouraged
to notify the researcher at any time to end the simulation. No
participants complained of VR sickness or fedling unwell due
to the VR experience.

The immersive height exposure simulation was the “Richie’s
Plank Experience’ [44] delivered with a Meta Quest 2
head-mounted VR display. This simulation is widely used in
VR research on fear responses and behavior [43,54,55]. It has
also been used to study risk-taking [56] and suicide willingness
[57] and is even proposed as a psychological preparation for
psychedelic experience[58]. The paradigm simulates an el evator
ride to the top of atall building, and upon the door opening,
presentsacityscape view from heights (~80 stories). Participants
walk onto, down the length of, and off the end of a wooden
plank protruding from the skyscraper. The height illusion is
conveyed by audio and visual simulation of extreme exposure
to open space and reified with wind noise and birdsflying below
the participant. Immersion was maximized with haptic feedback
from areal wooden plank (6" long “2x8” [2 mx4 cmx19 cm])
spatially registered to the virtual plank. The wooden plank was
dightly warped and thus creaked and shifted with human weight.
Although verbal instructions were provided as nheeded,
researchers refrained from unnecessary verbal or physical
interaction during the experience to preserve presence. A
simulated participant (the first author) walks on the plank
(Figure 2A) in the center of partitioned office space (Figure
2B), with the participants’ view at heightsillustrated in Figure
2C.

Analytical Strategy

Physiological data collected by the BioCapture (Great Lakes
Neurotechnologies, Cleveland, OH, USA) software were
modeled in VivoSense (version 3.4). VivoSense calculated the
means of heart rate and respiration rates in 10-second hins.
Changes in physiological measures were calculated as the
average rate during anticipation of stepping on the plank (Plank)
minusthe baseline average (Pre-Plank). All statistical testswere
performed in SPSS v29.0.2.0 (IBM). Analyses were stratified
by sex as prior work demonstrated important interactions by
sex between anxiety and sensation seeking [26] and by sex and
elements of sensation seeking [30,59]. VR-induced increases
in anxiety and physiological arousal were tested with paired t
tests (2-tailed) between baseline “Pre-Plank” and the moment
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of stepping off the plank “Plank.” Change scoreswere calculated
for self-reported state anxiety and physiological measures (Plank
minus Pre-Plank scores). These weretested for correlationswith
behavioral sensation seeking, each other, and height-specific
anxiety. The potential effect of changing the STAI-S assessment
method (computer vs verba inside VR) was tested with
independent-samplest tests (2-tailed). We tested for differences
in participant characteristics of those with physiological
recording versus without to assess potential effects on
interpretation. t tests (2-tailed) of inhomogeneous variance
(Levene test) were performed using the Welch t test (2-tailed).
The fase discovery rate was controlled with the

Table. Participant characteristics. demographics and personality (n=57).

Daugherty et a

Benjamini-Hochberg procedure [60], and limited to 5% (g<.05),
by setting a=.0278 for individual testsin a priori hypotheses.

Results

Demographics and Personality

Tests evaluating baseline sex differences (x2 for nominal, t test
[2-tailed] for continuous) reported were uncorrected and
descriptivein nature. All in-text data are reported as mean (SD).
Women reported higher baseline levels of anxiety than men did
(neuroticism-anxiety, state anxiety, and height-related anxiety,
P<.03; Table 1). No other sex differences were detected.

Characteristic Women (n=40) Men (n=17)
Age (y), mean (SD) 20.23 (2.94) 20.06 (2.19)
Childhood income? (US §), median (IQR) 86,000 (35,000-127,000) 86k (35,000-141,000)
Race, n (%)

American Indian 1(3) 0(0)

Asian 6 (15) 1(6)

Black 6 (15) 2(12)

Other/Unknown® 6 (15) 2(12)

White 21(53) 12 (71)
ZKPQF, mean (SD)

Impulsive sensation seeking 3.82(2.41) 4.35 (2.57)

Neuroticism-anxiety 5.50 (3.11)¢ 2.06 (2.08)

Aggression-hostility 4.24(1.84) 3.88 (2.20)

Activity 5.05 (2.68) 4.41 (3.24)

Sociability 4.05(2.52) 3.65(3.18)
STAI-S%, mean (SD) 34.26 (9.31)f 28.59 (7.87)
Acrophobia questionnaire-anxiety, mean (SD) 55 60 (18.78)9 43.12 (19.69)

8Reported as median and interquartile ranges representing the geometric means of theinventory ranges (<US $10,000, $10,000-$24,000, $25,000-$49,000,
$50,000-$74,000, $75,000-$99,000, $100,000-$199,000, $200,000-$500,000, >$500,000).

bHispanic ethnicity: n=5 identified as Other/Unknown, n=3 as White, n=1 as American Indian. Hispanic ethnicity did not differ by sex or race (x2,

P>.71)

€ZK PQ: Zuckerman Kuhlman Personality Questionnaire subscales.
dt,, 7=4.83, P<.001.

eSTAI-S: State Trait Anxiety, Inventory for states.

fts4=2.19, P=.03.

9t55=2.26, P=.03.

Evoked Fear: Increased Anxiety

The VR experience increased anxiety in both men (t;5=5.29,
P<.001, 28.59[7.87], and 44.76 [17.27], g<.05, Pre-Plank and
Plank, respectively) and women (t35=9.50, P<.001, g<.05, 34.26
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[9.31] and 54.05 [14.51]; Figure 3A). The increase in anxiety
was not significantly different before versus after the data
collection method change (for more details, see the Anxiety
section; P=.75).
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Figure 3. Effects of VR. Participants (solid cyan bars show the values for men, white/violet diagona hash bars show the values for women) showed
increased (A) anxiety states, (B) heart rate, and (C) respiration when on the plank relative to the Pre-Plank baseline. STAI-S=Statetrait anxiety inventory,

State; BPM=beats per minute; BrPM=breaths per minute; * g<.05.
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Physiological Arousal

In the 36 participants from whom physiological data were
collected, the VR experience increased heart rate in both sexes
(t5=3.84, P=.005 for men t,3=6.99, P<.001 for women; g<.05;
Figure 3B). Similarly, the VR experience increased respiration
in both sexes (t=3.06, P=.02 for men and t,,=5.35, P<.001 for
women; g<.05; Figure 3C). Of note, characteristics (Table 1)
did not differ between participants with physiological data
collected versusthose without, g>.05 (11 tests); P=.53, P=.046,
P=.24, P=.51, P=.84, P=.88, P=.62, P=.60, P=.25, P=.50, and
P=.61, corresponding to childhood income, age, impulsive
sensation seeking, aggression-hostility, activity, sociability,
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neuroticism-anxiety, AQ-anxiety, STAI, sex, and race,
respectively.
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Evoked Fear and Physiological Response

Fear (evoked state anxiety) did not correlate with changes in
heart rate (P=.60 and .79 for men and women, respectively) nor
respiration (P=.47 and .48) in the participants from whom
physiological data were collected. Baseline anxiety was also
uncorrelated with changes in heart rate (P=.70 and .29) and
changesin respiration (P=.71 and .17).

Acrophobia and Evoked Fear

Fear of heights (acrophobia) was correlated with evoked state
anxiety in men (r(15)=.606, P=.01) and women (r(38)=.410,
P=.009, g<.05; Figure 4).
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Figure 4. Height-related fear and fear response. Higher scores on the Acrophobia Questionnaire in both men (cyan triangles, solid line) and women
(violet circles, dotted line) predicted greater anxiety reactivity to the virtual reality (VR) experience (r>.40, P<.011, g<.05). Regression lines illustrate
strength and direction of associations. ASTAI-S: Plank minus Pre-Plank STAI-S scores.
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. . . P=.02, g<.05), but not in women (P=.67; Figure 5). Preference
B.eha.\/lora.l Sensation Seeking and EVOk?d Fear for highintensity was not correl ated with baseline STAI-S scores
High intensity preference (ACT scores) negatively correlated  in women (P=.61), although there was a trend in men
with evoked state anxiety (A STAI-S) in men (r(15)=-.559, (r(15)=-.465, P=.06).
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Figure5. Sensation seeking and fear induction. Higher sensation seeking in men (cyan triangles, solid line) predicted lower anxiety responsein virtua
reality (VR; r=—-.559, P=.02, g<.05), but not in women (violet circles, dotted line), P=.67. Regression linesillustrate strength and direction of associations.
Choice ratio is the percentage of “varied” choices selected during the aroma choice task. ASTAI-S: Plank minus Pre-Plank STAI-S scores.
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but not women (P=.54; Figure 6). Increased respiration was

Behavioral Sensation Seeking and Physiological Fear uncorrelated in both sexes (P>.28).

Response

High intensity preference (ACT scores) negatively correlated
with increased heart rate in men (r(7)=-.771, P=.02, g<.05),
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Figure 6. Sensation seeking and physiological fear response. Higher sensation seeking in men (cyan triangles, solid line) predicted lower heart rate
reactivity to the virtual reality (VR) experience (r=-.771, P=.02, g<.05), but not in women (violet circles, dotted line), P=.54. Regression linesillustrate
strength and direction of associations. Choice ratio is the percentage of “Varied” choices selected during the aroma choice task. AHeart Rate: Plank
minus Pre-Plank heart rate measurements.
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. . . across sex did not permit detection of an association (P=.89).
Behavioral and Self-Reported Sensation Seeking See Table 2 for correlations of personality and behaviora

High intensity preference did not correlate with self-reported  metrics (uncorrected).
sensation seeking in men (P=.47) or women (P=.72); collapsing
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Table. Systematic matrix of correlations.

Daugherty et a

1 2 3 4 5 6 7 8 9 10
ZKPQ?
1.ImpSS — 0.082 0.286° 0.324° -0.036 0.019 -0.173 -0.224 -0.027 0.212
2. Agg- — 0.104 0.163 0.197 0.106 0.087 -0.134 0.238 0.349°
Host
3. Act — 0.202 0.210 -0.130 0.187 0.159 0.354° 0.127
4.9y — -0.001 0.073 -0.097 0.059 0.229 0.261
5. N- — -0.140 —0.3320° 0.309P -0.073 -0.142
Anx
Beh. SS (ACT®)
6. — -0.111 -0.236 -0.012 -0.029
Choicera
tio
Reported
anxiety
7.AS — 0.483d -0.039 -0.034
TAI-S
8. AQ- — -0.318 -0.128
Anx
VR physol-
ogy
9.HRA — 0.137
10. Resp —
A

87K PQ: Zuckerman Kuhlman Personality Questionnaire subscales.
PCorrelation is significant at P<.05.

CACT: Aroma Choice Task.

dcorrelation is significant at P<.01.

Discussion

Primary Findings

We found support for our hypotheses concerning VR’ s capacity
to evoke fear (self-reported changes in state anxiety and
physiological arousal) and the association between evoked fear
and fear of heights. We found support for the negative
association between evoked fear and behaviora sensation
seeking in men, but not women. This unexpected finding is
potentially due to higher trait anxiety scoresin women, that is,
imposing a ceiling effect and making associations between
elicited anxiety and other traits difficult to detect. Interestingly,
evoked fear measures were uncorrelated. Behaviora and
self-reported sensation seeking were uncorrelated. These
findings suggest that VR experiences possess sufficient
ecological validity to dicit subjective and objective fear
responses mirroring responses to real-world scenarios.
Moreover, responsesto the digital experiencereflect associations
with other traits (acrophobia and sensation seeking).

This study demonstrates the potential of VR for neuroscience
and clinical research. VR continues to offer considerable
promise for clinical and research applications alike. The
expanding reach of VR is facilitated by better immersion

https://xr.jmir.org/2025/1/e73785

technology, decreasing cost, cregtive applications, and wider
adoption. While VR haslong been used to administer exposure
therapy [61-63] and treat pain [64-66], emergent applications
target increasingly abstract constructs [67,68]. Germaneto this
study, VR applications effectively treat various anxiety disorders
(eg, specific phobias, socia anxiety disorder, panic disorder)
in randomized controlled trials, producing effects comparable
to conventional treatment and significantly better than passive
controls [69]. In addition to promising efficacy data, providers
and patients appear eager to adopt VR methods, as suggested
by 2 recent reportsonintegrating VR in clinical practice[70,71].
The immersive nature of this nascent technology permits new
avenues of investigation and permits research on humans that
would be dangerous or impractical to study with real stimuli.
We believe that the potential of VR to unite human and animal
paradigms heralds a new trandslational era wherein strictly
controlled animal neuroscience experiments can be accurately
replicated in humans. For example, the el evated plus-maze—the
gold standard in rodent anxiety research—can be instantiated
for human participants [19] to connect basic neuroscience in
rodentswith human behavioral data. Other behaviora paradigms
widely used in rodents, such as conditioned place preference,
can now be accurately reproduced in humans using VR [72],
producing convergent findingsin both research contexts. Thus,
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the role and relevance of VR for both laboratory research and
clinical practice are expected to grow substantially in the near
future. The use of VR permits testing extant theoretical
knowledge in more lifelike settings and experiences, and when
paired with behavioral tests, yields increasingly objective
outcomes.

VR can add knowledge to mature bodies of research, such as
approach-avoidance, by presenting realistic simulations in
humans. Approach-avoidance describes behavior that orients
organisms toward positive and away from negative stimuli,
respectively [73]. Approach-avoidance tendencies are likely
rooted in evolutionary factors, primarily through sexually
divergent selection pressure [74]; that is, reproductive fitness
optimized by exploratory behaviors in men [75,76] and harm
avoidance in women [77,78]. The extremes of the
approach-avoidance continuum are marked by exaggerated
attention on reward or threat cues[79]. These tendencies emerge
from overactive brain reward or motivational systems[80] and
underregulated brain threat systems [81] for approach, and
conversely, overactive brain threat systems[82] and underactive
brain reward systems[83] for avoi dance. Sensation seeking and
fear represent aspects of approach and avoidance, that is,
opposing processes that modulate threat responses, such that
high sensation seekers are less physiologically responsive to
threat stimuli than low sensation seekers. One study testing fear
responses found that high sensation seekers showed no response
to threatening stimuli (versus control stimuli), whereas low
sensation seekers produced an 8-fold increase in
electromyographic responseto threats[25]. No group difference
in self-reported emotional reactivity was detected, further
supporting the value of objective measurements.

Men are higher sensation seekersthan women (particularly thrill
or adventure seeking and disinhibition) [84,85], but the
relationship between sensation seeking and fear appearsto differ
by sex. Investigating this relationship as an interaction with sex,
Blankstein [26] found that the Sensation Seeking Scale (SSS)
[23] total score negatively correlated with anxiety reactivity
(Activity Preference Questionnaire) total and subscales (Social
and Physical) at r>.43, P<.01in men, but not in women (r<.07).
However, a similar study found a number of negative
correlations between the Sensation Seeking Scale and
anxiety-related items (S-R Inventory) in both sexes [86],
indicating mixed results in detecting sex interactions with
approach-avoidance correlations. The lack of consilience in
prior work might be explained by either (1) dependence on
self-report inventories, with self-reported fear and sensation
seeking often incongruent with objective measures [38,87], or
(2) high anxiety and low sensation seeking in women producing
restricted ranges (ceiling and floor effects), making correlations
difficult to detect. Both factors potentially contribute together
to the divergence. Future well-powered studies, ideally using
precise behavioral tasks, should clarify these possible
associations.

We did not detect correlations between self-reported fear and
physiological responsesto height exposure. Whilethisis perhaps
a surprising result, prior work suggests that self-reported fear
does not necessarily reflect biological responses. Inarea-world
test, participants' self-reported fear of crime did not differ
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between walking down adimly-lit path (vswell-lit control), but
the dimly-lit path participants heart rate increased by 17%
(P=.002), with that in the controls remaining unchanged [87].
Even patients with anxiety disorders do not accurately report
the degree of physiological responses to stress in laboratory
tests [88,89]. This lack of concordance may be explained by
individual differences in interoceptive ability [90]. The
disconnection between self-reported traits and objective
measuresisalso found in behavioral assessments of impulsivity
[91], empathy [92], and risk preference [93], suggesting that
theincongruence extendswell beyond fear and anxiety. A recent
report on associations between interoceptive ability and
autobiographical memory [94] indicates that interoceptive
perception (physical self-awareness) relates to episodic recall
(cognitive self-awareness) and suggeststhe intriguing possibility
that individual differences in these domains may be governed
by some larger self-awareness meta factor.

Behavioral seeking and self-reported sensation seeking were
uncorrelated in this sample. Existing findings offer scant data
on this association due to the absence of behavioral sensation
seeking tasks. Related traits such asimpulsivity and risk-taking
reveal low agreement between behavioral and self-reported
assessment; for example, various measures of impulsivity are
correlated at r=~0.1 in meta-analysis [91], and practically no
relationship is observed between risk-taking measures [95].
Low reliability is observed in behaviora task data across
domains[96]; in parallel, self-reported data suffer from various
serious forms of bias [97]. The “jingle fallacy” (conflating
interpretation of 2 measures because they have the same name)
[98] exacerbates this problem. While the lack of convergence
between behavioral and self-reported findings is perhaps
unintuitive, this divergence between self-reported and behavioral
data represents opportunities to discover additional features of
personality traits. That is, important features of a given trait
may not be fully captured by any single task or inventory.

Limitations

Some limitations should be acknowledged. First, the sample
would benefit from more power. The homogeneity of the
sample—reflecting typical undergraduates—is predominately
female and White, precluding well-powered direct comparisons
by sex and potentially limiting generalizability. Generalizability
would be enhanced by a community sample with a more even
sex distribution and a larger range of age and socioeconomic
status. Finally, the truncated sample of subjects providing
physiological data was suboptimal, as physiological datawere
only collected from 36 of the 57 participants, athough the
absence of significant differences between the subsamples
somewhat mitigates this concern.

Conclusions

The current report demonstrates the potential use of VR for
neuroscience and clinical research. Beyond research and
education, VR is now well established as a clinically valuable
tool in health care. The combination of using VR, aobjective
measures (physiological recordings and behavioral tasks), and
subjective measures (self-report) to investigate a behavioral
health topic alows more rigorousinvestigation than any one of
these approaches a one. Through these measures, we confirmed
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associations between self-reported experience and physiological
fear in response to heights, in addition to behavioral patterns
and personality related to sensation seeking. Further evidence
of the disconnection between objective and self-reported
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Abstract

Background: The perception—action cycle enables humans to adapt their behaviors by integrating sensory feedback into motor
actions. Functional neurological disorder (FND) disrupts this cycle, leading to maladaptive motor responses and a diminished
sense of agency. FND includes functional seizures, movement disorders, and cognitive impairments, significantly affecting quality
of life. Recent advancementsin extended reality (XR) neurotechnol ogies provide opportunitiesfor novel rehabilitation approaches,
leveraging visual and haptic feedback to retrain motor control and restore agency in individuals with functional limb weakness.

Objective: Thisstudy aimed to co-design and evaluate an X R-based biofeedback platform for upper-limb rehabilitation in FND,
incorporating multisensory feedback (visual and haptic) to enhance motor retraining.

Methods: A mixed methods design was used. In phase 1, a Delphi survey (N=20, patients with FND) identified key user
requirements, emphasizing customizability, real-time feedback, accessibility, and comfort. Theseinsights guided the codevel opment
of an XR biofeedback platform. In phase 2, a co-design workshop with 6 participants (3 FND patient representatives and 3 health
care professionals) evaluated the usability of 3 XR training tasks: virtual reality (VR) relaxation task, a guided meditation in a
VR calming environment; XR position feedback task (“Hoop Hustle”), a VR-based motion task requiring arm movements to
interact with virtual objects, providing real-time positiona biofeedback; and XR force feedback task, a haptic robot-assisted
exercise using the Human Robotix System (HRX-1) haptic device, applying resistive forces to guide upper limb movements.
Participants completed system usability scale (SUS) questionnaires and provided qualitative feedback, which was analyzed using
NVivo (QSR International) thematic analysis.

Results: The XR position feedback task achieved the highest usability ratings, with 4 out of 6 participants scoring it above 85,
indicating “excellent” usability. The VR relaxation task received polarized scores: 2 participants rated it highly (90 and 87.5),
while 3 scored it poorly (mid-40s), citing motion discomfort and disengagement. The XR force feedback task had mixed usability
outcomes (SUSrange: 27.5 - 95.0), with 1 participant with functional dystonia struggling significantly (SUS 27.5), while others
rated it between 62.5 and 95.0. Qualitative feedback emphasized comfort (lighter headsets and better ergonomic design), immersion
and content quality (clearer visualsand reduced distracting audio prompts), personalization (adjustable settingsfor speed, difficulty,
and force resistance), and accessibility (cost concerns and home usability considerations). Overall, participants viewed the XR
biofeedback platform as highly promising but in need of fine-tuning.

Conclusions: This study demonstrates the feasibility and usability of an XR neurotechnology platform for FND rehabilitation,
with strong acceptance of XR position feedback, mixed reactions to VR relaxation, and individual-specific usability outcomes
for the force feedback task. Findings underscore the need for personalization features and hardware refinement. Future work will
focus on enhancing usability, improving accessibility, and evaluating effectivenessin larger clinical trials.

(IMIR XR Spatial Comput 2025;2:e68580) doi:10.2196/68580
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Introduction

Humans continuously learn through interactions with their
environment via a perception-action cycle—a feedback loop
where sensory input informs actions and the consequences of
these actions (shaped by rewards and penalties) reinforce or
modify behavior over time. This adaptive learning process is
crucial for navigating social and environmental contexts,
allowing individuasto align their behaviorswith societal norms
and expectations. However, maladaptive learning can occur
when responses to rewards and penalties lead to dysfunctional
behavior patterns, diminishing an individual’s sense of agency
and resulting in disordered actions [1]. We hypothesize that
functional neurological disorder (FND) may arise from such
mal adaptive |earning within the perception-action cycle, where
certain reinforced behaviors disrupt normal functional responses,
contributing to symptoms and reduced voluntary control over
bodily actions.

FND is a complex, dehilitating condition with symptoms
comparable in severity and societal cost to those of epilepsy or
multiple sclerosis [2]. FND encompasses several
subtypes—functional seizures, functional movement disorders,
persistent perceptual postural dizziness, and functional cognitive
disorder—stemming from interplay between neurological and
psychological mechanisms[3]. Yet, only about 50% of United
Kingdom health boards have established care pathways for
FND, underscoring significant gaps in treatment [4]. Recent
advancements in neurotechnology and better understanding of
FND pathophysiology have revealed shared mechanisms (such
as abnormal sensorimotor processing and disruptions in sense
of agency) that can be targeted by novel therapeutic strategies
[3]. Notably, extended reality (XR) approaches have been
proposed within a stepped-care rehabilitation framework [5],
enabling interventionsto betailored based on symptom severity
and delivered from clinic to home settings. XR is an umbrella
term encompassing immersive technologies that blend digital
and physical environments, including augmented reality (AR),
virtual reality (VR), and mixed redity (MR). AR overlaysdigital
information onto the real world, VR fully immerses usersin a
computer-generated environment, and MR allows interactive
overlay of artificial elementsonto thereal world. XR platforms
can incorporate haptic (touch-based) feedback and guided
suggestionsto engage patients through bottom-up sensory input
and top-down cognitive cues, respectively, aiming to retrain the
disrupted perception-action links underlying FND symptoms
[6]. For example, haptic feedback may provide rea-time
physical cues to encourage movement, while positive verbal
reinforcement (“You're doing great!”) can facilitate operant
conditioning during VR rehabilitation [7].

A survey of 527 individuas revealed high comorbidity rates
among patients with FND, with pain (78.1%), fatigue (78.0%),
and sleep disturbances (46.7%) being the most common
symptoms, often worsening postdiagnosis [8]. Effective FND
management underscores the need for transparent diagnosis
explanations to improve patient understanding and enable
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personalized treatment strategies [9]. The National Institute of
Mental Health's Research Domain Criteria framework [10]
offers a dimensional perspective for understanding FND [11],
guiding the development of neurotechnologies and biomarkers
to better categorize its heterogeneity. The recent proposal for
the inclusion of the sensorimotor domain in the Research
Domain Criteria highlights the growing recognition of
sensorimotor processing in mental health [10], presenting
opportunities for intervention through XR neurotechnologies.

Building on previous V R-based interventions [ 12], we proposed
theintegration of haptic feedback into an X R setting to modulate
the balance between sensory attenuation and amplification using
an operant conditioning framework [7]. Haptic feedback in
visuo-motor tasks plays a crucia role in reinforcing the
perception-action cycle, primarily through efference copy and
corollary discharge integration, which differs from motor
imagery-based VR training [13]. The efference copy is an
internal duplicate of motor commands from the supplementary
motor complex [14], allowing the cerebellum and sensory areas
to predict sensory consequences of movement [15]. This
predictive function enables the brain to distinguish between
self-generated actions and external stimuli, an essential aspect
of sensorimotor learning. When haptic feedback is absent, motor
learning relies on mental simulationswithout new sensory data,
potentially reinforcing mal adaptiveinternal models, as observed
in cerebellar dysfunction [13,16]. In adaptive XR learning,
haptic feedback serves as real-world sensory input, aiding in
the recalibration of maladaptive internal models and reducing
overreliance on predictive mechanisms associated with mental
simulations in VR-only settings. Studies show that without
haptic input, individuals struggle to correct motor prediction
errors, as their internal model fails to recaibrate effectively
[17]. By integrating haptic feedback into XR rehabilitation, we
aim to recalibrate mal adaptive sensorimotor patterns related to
fatigue (effort-reward mismatch [18]), pain, weakness, dystonia,
and seizures.

Support for XR-based functional motor disorder (FMD)
rehabilitation also stems from intentional binding research,
which suggests that repeated operant experiences enhance
implicit agency by reinforcing associative learning [19]. This
highlights the distinction between explicit and implicit agency:
explicit agency, tied to conscious awareness, can be strengthened
through demonstrationslike Hoover's sign or tremor entrainment
[20], whileimplicit agency is shaped through repeated operant
conditioning [7]. These mechanismsinteract via top-down and
bottom-up pathways, which can be experimentally modulated
in XR through exafference—the controlled simulation of
external stimuli. However, the ethical, cost, and usability
concerns associated with digital health interventions necessitate
stakeholder engagement to ensure alignment with broader health
caregoals. Industry-driven digital health innovation playsakey
role in assessing how these technologies impact health care
systems and patient outcomes. Our research focuses on
eval uating the usability of an XR neurotechnology platform for
biofeedback training in functional limb weakness, combining
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bottom-up haptic feedback with top-down visuo-motor task
suggestions (refer to Figure 1) [6]. The ultimate goal is to
develop precise, technically effective, sustainable, and
patient-friendly XR neurotechnologies for FND rehabilitation.
Industry-driven innovation plays akey rolein trandating these
technologies into practice by evaluating their impact on health

Duttaet al

care systems and outcomes. The ultimate objective isto ensure
that such neurotechnology is not only effective but also
user-friendly, acceptable, and accessible for people with FND.
In this context, this study adopted a coproduction approach to
co-design an XR biofeedback training platform for functional
limb weaknessin FND and to assessits usability with end-users.

Figure 1. Perception-action coupling for extended reality (XR) biofeedback training to modulate bottom-up reafference with exafference through a
haptic robot (HRX-1) to support movement in cases of functional weakness. Top-down modulation isinfluenced by guided visual and verbal suggestions
presented via X R feedback. A distinction can be made between efference copy—internal brain duplicates of motor commands (in action)—and corollary
discharge, which involves expected sensory signals due to those motor commands (in perception).

XR
environmen

Methods

Study Setting and Participants

This study consisted of two phases: an exploratory survey
(Delphi method) conducted online to inform platform design
and a subsequent in-person co-design workshop for usability
evaluation.

In phase 1, an exploratory Delphi survey was conducted online,
where a convenience sampling method was used to recruit
individuals with lived experience of FND as “experts by
experience” from the United Kingdom Royal Preston Hospital’s
FND service team’s networks led by the PPIE (Patient and
Public Involvement and Engagement) leads. In total, 20
individuals (experts by experience) with FND participated in
the initial round of the Delphi survey. Participants provided
feedback viaan online questionnaire. The survey collected both
quantitative and qualitative data on several topics: familiarity
with VR and haptic technologies, perceptions of comfort and
ease of use, anticipated relevance and impact of an XR-based
therapy for FND, and potentia barriers to adoption (such as,
cost, access to equipment, technical support, and side effects).
Responses were analyzed to extract common themes and
requirements that the PPIE lead presented at the National
Rehabilitation Centre (NRC) Rehabilitation Technologies
Conference 2024 [21] (NRC Rehabilitation Technologies
Conference 2024 poster and slidesin Multimedia Appendix 1).
Based on the survey findings, we codeveloped with the PPIE
leads and industry partners (Human Robotix Ltd and Nudge
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Reality Ltd) a prototype XR neurotechnology platform. We
selected the Human Robotix HRX-1 upper-limb haptic system
(aportablerobotic device providing force feedback) and Nudge
Reality’s “Hoop Hustle” XR game as the core components for
our platform, as these were judged by the PPIE leads to best
meet the identified needs (detailed specifications of the hardware
and game options are availablein MultimediaAppendix 2). The
HRX-1 device can assist or resist arm movements with precise
torque control, while Hoop Hustle is a VR game that can be
adapted for therapeutic exercises.

For the phase 2 co-design and usability testing workshop, a
purposive sampling approach was used to recruit participants
specifically from the United Kingdom Royal Preston Hospital’s
FND Service team, including PPIE leads. We then conducted
an in-person workshop involving 6 participants drawn from the
FND service community: 3 FND patient representatives (1
female and 2 mae) and 3 hedth care professionals (2
physiotherapists and 1 neurologist; 2 female and 1 male). All
6 participants are coauthors of this paper for the participatory
design approach. Before the workshop, participants provided
informed consent. The session took place in a rehabilitation
clinic setting and lasted about half a day.

Ethical Considerations

Asthiswork was part of a patient engagement and technology
co-design project, it was conducted with institutional review
board notification but was determined to be a service
development and quality improvement activity not requiring
full National Health Service (NHS) Research Ethics Committee
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review. All participants gave written informed consent for their
involvement and for publication of deidentified feedback. The
study was carried out in accordance with the Declaration of
Helsinki principles of ethical research.

Procedure and XR Platform Tasks

Given the selection of Human Robotix’s HRX-1 system for
upper limb rehabilitation (Human Robotix’s HRX-1 system in
Multimedia Appendix 3) and Nudge Reality’s “Hoop Hustle”
game (Nudge Redlity’s XR games in Multimedia Appendix 4)
by PPIE leads, efforts were focused on adapting these
technologiesto test 3 conditions: VR relaxation, XR positional
feedback, and XR force feedback. During the co-design
workshop, the prototype XR platform was introduced, and
participants were guided through 3 interactive training tasks,
each representing a different mode of biofeedback.

Duttaet al

Experimental Robotic System

A 1-degree-of-freedom HRX-1 desktop robot (refer to Figure
2) equipped with adirect-drive el ectromagnetic motor for wrist
flexion or extension movement was used in the study. The robot
offers high flexion or extension torque (up to 2 Nm), position
and torque sensing, and avariety of control modesin acompact
roboatic platform. The design of the HRX-1 robot is substantially
more compact and lighter than existing comparable systemsto
enable easy transportation and installation for the studies in
clinical, research, and at-home environments. The safety of the
robot operation was implemented at mechanical (range of
motion limitation with end-stops), electric (limitation for the
maximal electric current), and software (limitation on the
maximal speed of movement) levels. Previoudly, robots have
been successfully used in clinical and research studies[22-24].
In this study, the HRX-1 robot was integrated with VR tasks.

Figure2. HRX-1 robot that can generate programmable wrist flexion and extension torques for assistance or resistance during the experimental study.
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VR Relaxation Task

Participants wore a Meta Quest 3 VR headset to experience a
guided rel axation session. The VR environment featured calming
scenery (eg, agradually descending landscape or serene nature
scene), accompanied by a gentle narrative instructing the user
in relaxation techniques (for instance, breathing exercises, and
progressive muscle relaxation cues). The purpose of this task
was to familiarize users with VR and induce relaxation, which
can help reduce FND symptom intensity. Participants remained
seated during this task. Notably, based on user feedback from
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the Delphi survey, we avoided any instructions that would
conflict with VR immersion (as one Del phi respondent cautioned
that this could cause disorientation). Thetask lasted about 5 - 7
minutes.

XR Position Feedback Game (Hoop Hustle)

Inthistask, participants engaged with hoop hustle, atherapeutic
game developed for XR rehabilitation. The user's goa in the
game isto move their affected arm (or a controller held in that
arm) to “shoot” ballsin VR through a series of hoops or targets
at varying positions. The game provides rea-time visua

JMIR XR Spatial Comput 2025 | vol. 2 | 68580 | p.229
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

feedback on the accuracy and speed of the user's arm
movements. For example, when a participant moves their arm,
a corresponding arm or cursor in VR is shown, allowing them
to adjust their movement to align with the hoop. Successful hits
(getting the ball through the hoop) trigger immediate positive
feedback (visual effects and encouraging sounds). The game's
difficulty can be adjusted—for example, hoop height and size
can be modified to accommodate the user’s range of motion,
and the speed of ball generation can be tuned. During the
workshop, an operator adjusted these settings as needed to
ensure each participant could comfortably attempt thetask. This
task emphasized positional biofeedback (augmented visual
feedback of movement) without additional force resistance.
Each participant practiced for several minutes until they felt
they had experienced the core mechanics of the game.

XR Force Feedback Task

The HRX-1 haptic robot was integrated with the hoop hustle
gameto provideforce feedback during the exercise. Participants
grasped the end-effector of the HRX-1 device, which was
programmed to apply gentleresistive forces or assistance during
specific arm movements in the VR game. For instance, as a
participant guided aball toward ahoop in VR, the device might
add a dlight downward resistance, requiring the user to exert
additional effort and thus engage proprioceptive feedback
pathways. In this way, the XR force feedback task combined
visual and haptic biofeedback. We also implemented a simple
exercise game: thewrist handle of the robot was used to control
avisual cursor shown in the screen, and a participant’stask was
to rotate the handle with their wrist follow a pseudo-random
movement of a target on the screen as accurate and as fast as
possible, similar to the tasks used in [25]. A participant could
observe the progress task on the screen (visual modality) and
feel the assistive and resistive wrist flexion or extension torques
generated by the robot (force feedback modality). This was
included to explore how force feedback might help revea or
train aspects of motor control in FND (eg, addressing sensory
attenuation deficits). Each participant spent around 5 minutes
with force feedback enabled. One participant with functional
dystonia required a brief rest during this task due to muscle
fatigue; however, all participants were able to attempt the task
to some extent.

Throughout the session, participantswere encouraged to “think
aloud” and share any difficulties or observations (eg, if the
headset felt uncomfortable or if a task was confusing). A
facilitator took notes on these observations to supplement the
formal feedback.

Data Collection and Analysis

After completing all 3 tasks, participants filled out the system
usability scale (SUS) questionnaire for each task. The SUS is
a 10-item questionnaire yielding a score from 0 to 100, where
higher scores indicate better perceived usability. We chose the
SUS because it is a well-established, quick tool for usability
assessment, suitable even for small samples [26]. Participants
also provided written free-text feedback on their experience
with each task and the overall platform. These responses were
collected on paper forms and later transcribed. In addition, the
workshop concluded with a short group discussion, allowing
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participants to collectively reflect on what aspects of the
platform worked well and what improvements they would
prioritize. The discussion was later summarized in notes.

Quantitative data from the SUS were summarized using
descriptive statistics, given the small sample size. We report
individual SUS scores per participant and per task, as well as
the range and median for each task’s scores. Following
convention [27], we interpret SUS scores using an adjective
rating scale for context: scores above~85 are considered
“excellent,” around 70 - 85“good,”~50 - 69 “okay,” and below
50 “poor” in terms of usability perception. We did not perform
inferential statistical tests due to the exploratory nature of this
pilot and the limited number of subjects. Qualitative data
(written feedback and facilitator notes) were analyzed
thematically. Two researchers (1 patient representative and 1
study investigator) independently reviewed the feedback to
identify recurring themes. Using NVivo 12 (QSR International),
feedback commentswere coded with initial labelscorresponding
to aspects of user experience (eg, “hardware discomfort,” “audio
feedback,” and “game difficulty”). These codes were then
grouped into higher-level themes through discussion and
consensus. Representative participant quotes were extracted to
illustrate each themein the Resullts.

Results

Phase 1. Exploratory Delphi Survey Report
(CHERRIES Checklist)

We present the results from our first round of the Delphi survey
according to the Checklist for Reporting Results of Internet
E-Surveys (CHERRIES) [28], aimed at the trandation of the
VR haptics technology for biofeedback training in FND. The
survey gathered online feedback from 20 (N=20) individuals
with lived experience of FND, considered experts by experience
for technology translation.

Design
Thiswas an online Del phi survey aimed at gathering high-level

user requirements for the development of a VR haptics
biofeedback training platform for FND rehabilitation.

The survey sought to assess perceptions and expectations of
VR and haptic biofeedback technology for rehabilitation,
potential benefits and usability considerations for upper and
lower limb motor retraining, and barriers to adoption and
accessibility concerns among individualswith lived experience
of FND.

Development and Pretesting

Survey Development

The survey was co-designed by a multidisciplinary team
(co-authors of this report), including clinicians, researchers,
industry partners, and FND patient representatives. It was
pilot-tested with a small group of patients with FND and
cliniciansto refine clarity, content, and usability.

Survey Refinements

Feedback from pil ot testing led to revisionsin question phrasing,
response categories, and survey logic. Adjustments were made
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to ensure accessibility for individuals with neurological
impairments (eg, clear navigation and avoiding long response
formats).

Recruitment Process and Sample Char acteristics

Target Population

Thesurvey targeted adults (=18 y) with FND, particularly those
experiencing functional limb weakness.

Recruitment Strategy

Participants were recruited through FND patient advocacy
organizations (eg, FND Hope, FND Action). Neurology clinics
specializingin FND care. Online FND support groupsand social
media communities. The survey link was shared via email,
social media, and organizational websites.

Participation Details

Participation detailsincluded a survey link access, in which an
open-access URL was provided with IP duplicate detection

Textbox 1. Question structure of the survey.

Duttaet al

enabled. No monetary incentives were provided; participants
were thanked for their contributions in follow-up
communications.

Survey Administration

The survey was hosted on a General Data Protection Regulation
(GDPR)-compliant, secure online platform (MS Forms is part
of Microsoft 365, which adheres to GDPR, Health Insurance
Portability and Accountability Act (HIPAA), and 1SO 27001
security standards).

Response Tracking

Anonymous participation was alowed; no email registration
was required, and no IP tracking or cookies were used.
Survey Content

The question structure of the survey included a combination of
guestion types, as listed in Textbox 1.

«  Demographics (age, gender, FND diagnosis history, and previous XR or VR experience).
.  Experience with VR or haptic technology (previous use in gaming, therapy, etc).

«  Perceived benefits of XR biofeedback (customizability, real-time feedback, and usability).
.  Barriersto adoption (cost, accessibility, and concerns about motion sickness).

«  Open-ended qualitative feedback (expectations, concerns, and usability considerations).

Data Handling and Statistical Analysis

Data Privacy Measures

No personally identifiableinformation was collected. Responses
were stored in a secure, encrypted database, accessible only to
authorized researchers.

Textbox 2. Responserate.

Analysis Methods

Descriptive statistics were used for Likert-scale responses
(percentages and means). Qualitative thematic analysis was
performed using NVivo for open-ended responses.

Results Reporting

Response Rate
Response rates are described in Textbox 2.

«  Total respondents: 20.
«  Completion rate: 85% (17 fully completed responses).
«  Dropout rate: 15% (3 partial responses).

Key Findings
Key findings are mentioned in Textbox 3.
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Textbox 3. Key findings.
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o  Participant demographics:
«  Peak age group: 35-44 years.

o  Gender: predominantly female.

.  Experience and perception of VR and haptic technology

« Awareness of VR technology: high, but varied levels of familiarity.

«  Haptic technology experience: less common.

«  Comfort levels: mostly positive, but some concerns about mask and goggle discomfort and motion sickness.

«  Perceived relevance and potential impact: high perceived relevance for FND rehabilitation.

o  Participants prioritized:
«  Customizable exercises.
«  Real-time biofeedback.

. Immersive environments.

« Barriersand challenges identified

«  Accessihility concerns: (1) cost of VR equipment, (2) availability through NHS or insurance coverage, (3) WiFi or connectivity limitations.

o Usability issues:
« Motion sickness concerns.

« Need for guidance on using XR biofeedback at home.

. Potential safety concerns:

« Risk of fallsor overstimulation.

Discussion of Bias and Limitations

Potential Biases

The two types of potential biases are (1) selection bias:
participants were self-selected, possibly favoring tech-savvy
individuals, or those already engaged in FND support groups;
and (2) response bias: some participants may have been overly
optimistic or cautious in their feedback.

Limitations

Thisstudy hastwo limitations. Thefirst isthe small ssmplesize
(N=20); the results are preliminary and not generalizableto all
patients with FND. The second is the use of the single-round
Delphi survey; the findings require further validation through
additional rounds or larger-scale studies.

Conclusion

Thefirst round of the Delphi survey provided key insights into
the usability, expectations, and barriers associated with XR
haptics biofeedback training for FND rehabilitation.

Key Takeaways

Participants perceived high potential benefits but highlighted
cost, accessibility, and usability concerns. There was a strong
interest in real-time feedback and customization to tailor the
technology toindividual needs. Concerns about motion sickness,
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equipment comfort, and NHS availability need to be addressed
for successful adoption.

Future Steps

Refining usability features based on patient feedback in phase
2 co-design and usability testing. Further stakeholder
engagement with clinicians, patient organizations, and industry
partnersin phase 2 co-design and usability testing. Scaling the
study to validate findings with a larger sample and additional
Delphi rounds following in phase 2 co-design and usability
testing.

Phase 2: Usability Scores (Quantitative Results)

Basic usability testing typically benefits from the purposive
selection of 5 - 10 participants [29]. Here, all 6 workshop
participants completed the XR position feedback and XR force
feedback tasks, and 5 completed the VR relaxation task (1 health
care professional was unable to try the VR relaxation due to
time constraints). Table 1 presents the SUS scores given by
each participant for each task. Overall, the XR position feedback
game received the highest ratings with a median score of 91.3,
and all participants rated it above 70. The VR relaxation task
had a bimodal distribution of scores—2 participants rated it
very highly (~88 - 90) while 3 participants gaveit scores bel ow
50, indicating poor usability for thoseindividuals. The XR force
feedback task had generally positive scores from 4 participants
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(range, 80.0 - 95.0), but 1 participant (Participant 3) gave avery
low score (27.5). According to Bangor et al’s [27] adjective
rating scale for SUS, the low scores in the 40s for the VR
relaxation task correspond to a “poor” usability experience,
despite the same task being rated as “excellent” by others.
Similarly, the force feedback task’s scores suggest mostly
“good” to “excellent” usability, with one clear outlier in the
“poor” range. In contrast, the X R position feedback task’s scores

Duttaet al

correspond to “good” or “excellent” usability across all users.
These results highlight a high degree of variability in user
experience for the more complex or condition-sensitive tasks
(VR relaxation and force feedback), compared to the consistently
positive experience with the position feedback game (XR system
usability testing script and XR system usability testing results
in Multimedia Appendices 5-8).

Table . The system usability scale (SUS) score was calculated for each participant across extended reality (XR) tasks, including virtual redlity (VR)
relaxation, XR position feedback control, and XR force feedback control. Participant 6 did not participate in the VR relaxation task.

XR force feedback SUS XR position feedback SUS VR relaxation SUS
Participant 1 80.0 95.0 475
Participant 2 62.5 725 90.0
Participant 3 275 92.5 45.0
Participant 4 825 100.0 875
Participant 5 95.0 90.0 45.0
Participant 6 875 85.0 _a
8not available.

Phase 2: User Feedback and Thematic Analysis
(Qualitative Results)

Quialitative analysis of the feedback revealed several key themes
regarding the user experience and suggestionsfor improvement.
Participants provided free-text responses regarding their VR
relaxation task experience, which were analyzed for future
technology improvement.

Immersion and Visual Artifacts (Improve Realism and
Reduce Pixelation)

Some participants struggled with visual quality, stating that the
graphics were “bland” and “pixelated” One participant
mentioned, “ The environment didn’'t feel real enough to help
me relax.”

Discomfort With the Headset (Select Lighter Weight
Hardware)

Participantsfound the VR headset too heavy, making it difficult
to use for prolonged relaxation. One user commented, “The
headset was too bulky—it distracted me rather than helping me
relax.”

Voice Guidance I ssues (Offer Customizable Audio
Settings)

While some users appreciated the guided relaxation, others
found the voiceover distracting or repetitive. One participant
stated, “The voice instructions were too constant—I| wanted
more silence to focus on breathing.”

Motion Sickness and Unpleasant Sensations (XR May
Minimize Some Disorienting Effects)

A few partici pants experienced dizziness, with one stating, “ The
moving visuals made me feel nauseous, which completely

defeated the point of relaxing.” This suggests a need for less
intense motion effects.

https://xr.jmir.org/2025/1/e68580

Mixed User Feedback on Effectiveness (Offer
Alternatives, Eg, Audio-Only Modes)

Some participants felt the VR relaxation could be beneficial if
improved, while others stated they would prefer aternative
relaxation methods (eg, audio-only relaxation without VR).

Participants also provided free-text responses regarding their
experience with the XR position feedback task, which were
analyzed for future technology improvement.

Real-Time Visual Feedback | ssues (Lower Latency
Motion Tracking)

Some participants struggled with feedback clarity, reporting
inconsistencies in motion tracking. One participant noted,
“Sometimes my arm was perfectly aligned, but it wouldn’t
register the movement.”

Difficulty in Adjusting Position (Online Recalibration)
A few participants found it difficult to match their movements
with the system’sfeedback. One participant commented, “1 kept
missing the hoop even when | thought | was on target.” Another
commented, “I liked that it gave immediate feedback, but
sometimes| didn’t understand what | did wrong.” Thissuggests
that target alignment and hit detection need refinement.

Engagement and Gamification Elements (Expand
Game-Like Elements)

Some participants enjoyed the interactive aspect of the task.
One participant stated, “It was fun trying to score points, but |
wish there were more levels or challenges”

Physical Strain Concerns (I ndividualized Task | ntensity)

A small number of participants reported discomfort or strain
during prolonged use. One participant mentioned, “| could feel
my arm getting tired quickly—I think the tracking required
more effort than | expected.”
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Mixed User Feedback on Usability (Lower Latency
Motion Tracking and Online Recalibration)

Some participants felt that improving the accuracy and
responsiveness of the tracking would make the task more
engaging. One participant suggested, “If it was more precisein
detecting movements, 1’d find it much more enjoyable.”

Participants provided additional free-text comments about their
experience using the XR force feedback task, which were
analyzed for future technology improvement.

Lack of Personalization (I ndividualized and Adaptive
Resistance)

Several participants noted that the resistance levels were not
well-adjusted to their needs. One participant stated, “ The force
applied felt either too weak or too strong—there was no
in-between.” This suggests a need for adaptive resistance
control.

Discomfort and Fatigue (I mprove Ergonomics)

The heaviness of the headset and the effort required to overcome
force resistance were cited as major concerns. One participant
reported, “After afew minutes, my arm felt very fatigued, which
made the task frustrating rather than helpful.” Another stated,
“The device felt restrictive rather than supportive.”

Low Engagement (Expand Game-Like Elements)

The lack of an interactive or gamified element was also
highlighted. One participant commented, “ There’ sno motivation
to keep going—it’s just moving against resistance with no real
feedback.”

Potential for | mprovement (Future Potential)

Some participants saw promise in the concept but suggested
improvements, such as, “It would help if the system guided me
on whether | was applying the right force” “Maybe add
vibration or a sound effect when | get the force correct,” and
“If the resistance could change based on how strong | am, that
would be much better.”

Summary

In summary, the qualitative feedback provided actionable
information that complemented the SUS usability scores. It
explains why certain tasks received lower scores (eg, VR
relaxation’stechnical and content i ssuesleading to poor ratings
from half the group) and reinforces the need for customization
in the force feedback task (given one user’s difficulties). The
participatory nature of the co-design and usability testing session
ensured that end-user voices directly informed the next steps
of platform refinement.

Discussion

Principal Results

This study is, to our knowledge, the first mixed methods
evauation of an XR-based biofeedback training platform
co-designed for individual swith motor FND. Through a2-phase
coproduction approach, we obtained rich stakeholder input and
preliminary evidence of usability. Our key finding is that the
XR position feedback game was the most well-received

https://xr.jmir.org/2025/1/e68580
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component of the platform, with consistently high SUS usability
scores and positive feedback from users. This task, dubbed
“Hoop Hustle” in the prototype, required participantsto perform
wrist movementsto control a VR interface with accompanying
visual feedback. The strong performance of this task suggests
that combining visual feedback in an intuitive pointing game
can be highly engaging and easy to use for people with
functional weakness. Participantslikely benefited from the clear,
immediate cause-and-effect in this game, which may have
contributed to a sense of accomplishment and control.

In contrast, the VR relaxation module yielded a polarized
reaction: some individuals felt deeply relaxed and enjoyed the
experience (reflected in very high SUS scores), while others
struggled with aspects of the VR environment (leading to poor
usability ratings). These divergent outcomes highlight that a
one-size-fits-all relaxation experience may not suit everyone;
factors such as susceptibility to motion sickness, comfort with
wearing a VR headset, and personal preference for
meditation-style activities can greatly influence one's
experience. The XR force feedback task showed intermediate
and more variable usability. Most participants handled the
force-feedback task moderately well (SUS~80 - 95 for 4
participants), indicating that they understood thetask and could
perform it, but one participant (P3) had an extremely negative
experience (SUS 27.5). P3's case is particularly informative:
this participant has functional dystonia (a subtype of FND
causing involuntary muscle contractions), which likely made it
difficult to perform the steady force output required by the task.
This resulted in frustration or fatigue, as reflected in both the
low usahility rating and the participant’s comments describing
the force task as “hard to manage” and “tiring.” This finding
underscoresthat individual clinical differences (such asthetype
of motor symptoms) can dramatically affect the usability of
specific training tasks. Notably, the same participant (P3) rated
the XR position task very highly (92.5), much higher than they
rated the other 2 tasks. We interpret thisto mean that while the
force feedback task was not well-tolerated by P3, the position
feedback game was accessible and enjoyabl e even for someone
with dystonia. It is possible that the position task’s
design—emphasizing range of motion and coordination rather
than sustained force—was better aligned with this participant’s
abilities. This suggests a need for personalized task selection
or customization: users might benefit from having multiple
training task options and skipping or modifying those that
aggravate their symptoms.

Acrossall tasks, the qualitative feedback provided further insight
into these quantitative results. For instance, participants who
gavelower SUS scores often cited specific issuesthat explained
their discomfort. Those who rated the VR relaxation poorly
mentioned problems like visual graininess and a sense of
disorientation when the virtual scene “breaks’ (one user
described aloss of immersion at acertain transition, eg, reaching
avirtual staircase where the illusion was not convincing). On
the other hand, participants who enjoyed the relaxation task
commented on feeling calm and appreciating the break from
active gameplay, which may reflect personal differencesin how
individuals prefer to engage (active interaction vs passive
relaxation). Similarly, mixed feedback on the force task
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corresponded with whether users felt the haptic feedback was
appropriate; some found it novel and motivating, while others
found it confusing or difficult to calibrate their strength. We
can summarize the qualitative feedback themes as follows.

Hardware Comfort and Ergonomics

Multiple participants commented on the VR headset’s weight
and fit. One noted that the “ headset isheavy” and that the straps
were “a hit fiddly” to adjust properly. Another participant
suggested the need for a more personalized or lightweight
headset, saying they “would prefer [their] own personal headset”
if using the system regularly. These comments indicate that
physical comfort is a crucial factor, as discomfort could limit
how long users with FND (who may have neck or upper body
weakness) can wear the device. Ensuring abetter fit and lighter
hardware in future versions was a unanimous priority among
participants.

Immersiveness and Visual or Auditory Feedback

Participants generally appreciated the concept of theimmersive
training tasks, but they pointed out specific issues that broke
their sense of immersion. For instance, one participant observed
that in the VR relaxation, “the picture quality is bland” (low
resolution), which detracted from the experience. Visual artifacts
or graphics glitches were noticed by another, who commented
that such issues“break immersion.” On the auditory side, afew
participants felt the guided meditation voice-over in the VR
relaxation was “too artificia” and constant, making it
“distracting” rather than soothing. One user recommended
incorporating periods of silence or softer, nonverbal audio,
noting that “Constant speech is too much—needs time to
breathe.” In the XR game, participants enjoyed the sound effects,
but one suggested adding more varied sound cues for feedback
(eg, different sounds when a hoop is scored versus missed).
Enhancing the realism and quality of sensory feedback (both
visual and auditory) would likely improve user engagement.

Task Difficulty and Personalization

There was a strong consensus on the importance of adjusting
the tasks to individual capabilities. In the hoop hustle game,
participants had different skill levels; 1 patient with a more
severe weakness struggled initially, so the facilitator enlarged
the hoop and reduced the required movement range. Thiskind
of on-the-fly personalization was appreciated. Participants
explicitly mentioned featuresthey would like to see: “adjustable
height [of hoops]” and “hoop size” options, aswell asthe ability
to slow down or speed up the game pace. In the force feedback
task, the participant with dystonianoted that the resistance made
the task quite challenging for them, but felt it might be helpful
if it could betuned to their strength level. Across the feedback,
“personalization” emerged as akey theme-one size does not fit
al inthisdiverse group. Future versions of the platform should
include user-specific calibration, difficulty settings, and possibly
adaptive algorithms that modify task parameters in real-time
based on performance.

Perceived Benefits and Engagement

Despite the critiques, most participants expressed enthusiasm
for the platform’s concept. Several referred to the approach as
a“brilliant idea” and were eager to seeit refined. They reported
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finding the interactive game enjoyable-one hedth care
professional noted that the competitive element of trying to get
the ball through the hoop “made it fun, so you forget you're
exercising.” Participants also believed the platform could
increase patient motivation to perform rehabilitation exercises,
as it “doesn’'t feel like therapy” in the traditional sense. The
relaxation task was seen as potentially useful for calming down
patients before or after physical exercises, although it clearly
needs improvement to be effective for everyone.

Practical Considerations (Accessibility)

Echoing the Delphi survey results, workshop participantsraised
practical questions. They debated whether the system would be
used in clinics or at home. For home use, participants stressed
the need for proper guidance and support: “If this was sent to
patients, there would need to be a help guide or 24/7 tech
support,” one participant said, concerned about | ess tech-savvy
users. The idea of a shared device versus personal ownership
was discussed; some felt a single headset could be used by
multiple patientsin aclinic if properly sanitized, while others
thought long-term users would benefit from having their own
device configured to their needs. Concerns about cost were
mentioned again; one participant estimated “it's[£]1000... (US
$1330) | could not afford [this]” and hoped it would be provided
through the NHS or insurance. These discussions highlight that
for the platform to be implementable, issues of cost, training,
and technical support must be addressed alongsideitstechnical
development.

These thematic insights demonstrate the value of a mixed
methods approach: the quantitative data identified where
usability was strong or weak, and the qualitative data helped
explain why those outcomes occurred. Crucially, the workshop
confirmed that co-design is not only feasible but beneficial in
developing neurotechnology for FND. Participants' real-time
feedback led ustoidentify specificimprovements (eg, modifying
the VR content and adding adjustabl e settings in the game) that
we might not have fully appreciated without their involvement.
The inclusion of both patients and clinicians ensured that the
usability assessment considered practical use in a clinical
context.

Comparison with Previous Work

Our findings aign with existing literature emphasizing
user-centered design for health technologies. Previous studies
have noted that even small samples (5 - 10 users) can uncover
the majority of usability issuesin a system [29]. In our case, 6
users were sufficient to highlight distinct strengths and
weaknesses of the platform. The variability in VR relaxation
feedback is reminiscent of observations in broader VR
applications. while VR can provide immersive therapeutic
experiences, factors like motion sickness and comfort remain
challenges to address. The need for personalization in
rehabilitation technology is well-documented; for instance,
usability studies of other rehab games have found that adaptive
difficulty can significantly improve user engagement and
outcomes. Our results specifically extend this understanding to
FND, suggesting that personalization may not only improve
engagement but might be necessary to accommodate
neurological symptoms like dystonia or fatigue. From a
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neurological perspective, the concept of using haptic feedback
and VR to retrain the perception-action cyclein FND drawson
theories of sensory attenuation and agency in functiona
movement disorders. By providing congruent visual and haptic
inputs corresponding to the user’s intended movements, the
platform aims to reinforce the association between effort and
sensory feedback, potentially strengthening the efference copy
mechanism that is hypothesized to be underactive in patients
with FND [14,30,31]. While our study did not directly measure
clinical outcomes or neurophysiological changes, the positive
usability of the position and force feedback tasks is a critical
first step toward implementing such therapeutic concepts in
practice. A recent review by [12] aso emphasized VR’ spromise
for addressing mechanisms of agency and attention in FND;
our practical findings complement this by showing that patients
arewilling to engage with VR or haptic systems, provided they
are comfortable and accessible.

Limitations

This study has several limitations. First, the sample size was
small (5 - 6 participantsfor usability testing), and al participants
were from a single clinical center and also coauthors, which
could introduce some bias or limit critical feedback. The
findings should be interpreted as preliminary and exploratory;
a larger, independent sample will be needed to validate and
generalize the usability results. Second, participants familiarity
with XR technology varied, and those with previous VR or
gaming experience might have found the system easier to use,
potentially influencing their SUS scores. We did not formally
quantify each participant’s XR technology background, which
isaconfounding factor that future studies should measure. Third,
wefocused on 3 specific XR tasks (VR relaxation, XR position
feedback, and XR force feedback). Other functionalities (eg,
bilateral training or cognitive tasks in XR) were not included
and could present additional usability challenges or benefits not
captured here. Fourth, the reliance on subjective SUS scores
introduces potential bias, asindividual expectations or novelty
effects can influence ratings. We mitigated this by collecting
detailed qualitative feedback, but objective performance metrics
were not analyzed in thispilot. Fifth, asaninitial co-design and
usability study, we did not assess clinical efficacy, for instance,
whether using the platform yields improvements in motor
function or FND symptoms. Such outcomeswill need evaluation
in subsequent trials. Finally, our personalization of the tasks
was done manually by thefacilitatorsrather than through built-in
adaptive algorithms. This limits the consistency of the user
experience; an automated personalization mechanism would be
ideal to ensure each user gets an optimaly challenging
experience. Despite these limitations, the study provides
valuable insights into the user experience of an XR
neurotechnol ogy platformtailored for FND. To our knowledge,
this is one of the first studies to report detailed usability data
for an XR hapticsplatformin FND rehabilitation. The co-design
approach proved effective in identifying user priorities and
potential pitfalls early in the development process.

Future Directions

The next steps following this study will address the identified
issues and test the platform on a broader scale at home [32].

https://xr.jmir.org/2025/1/e68580

Duttaet al

FMD involves involuntary-feeling but voluntary-appearing
movements, linked to a disrupted sense of agency due to
impaired sensory attenuation, that is, the brain’s predictive
suppression of self-generated sensory feedback [33]. This
impairment, involving brain regions like the primary motor
cortex, cerebellum, and right temporo-parietal junction, leads
to difficulties in distinguishing self-initiated actions from
external stimuli [34]. Conversely, sensory amplification,
mediated by the posterior parietal cortex, heightens sensory
perception through attention. XR presents therapeutic potential
by balancing sensory attenuation and amplification [6]. VR
allows controlled manipulation of predictive coding, helping
recalibrate agency and sensory processing in FMD. The
comparator model (refer to Figure 3) suggeststhat agency arises
when predicted sensory outcomes align with actual feedback,
which can be reinforced through haptic feedback in XR. Here,
linking active inference in motor control lies in its ability to
explain and address motor dysfunctions [35]. By recognizing
that the brain updates perceptions and modifies actions to
minimize prediction errors, this framework offersinsightsinto
abnormal motor control, where disrupted sensory prediction
leadsto impaired agency and movement errors. In rehabilitation,
this perspective supports the development of XR biofeedback
interventions, where haptic and visual feedback can help
recalibrate faulty sensorimotor predictions. By reinforcing
accurate sensory-motor associations, these technologies may
restore agency and improve motor function, offering a novel,
personalized approach to therapy. Indeed, X R technologies have
been shown to enhance sensorimotor processing, but usability
for patientswith FMD must be assessed. Early user involvement,
particularly in conditions like functional dystonia, is critical to
refining XR rehabilitation design. Our study engaged
stakeholders from academia, industry, and health care (NHS,
England) to classify technological needs into incremental or
revolutionary advancements. Notably, no commercial or
research-based XR biofeedback systems currently exist
specifically for FMD rehabilitation.

In response to user feedback, we are working with the
developers to improve the VR relaxation module (enhancing
graphics, refining the audio guidance, and possibly adding
options for different scenes or background music) [32]. We are
also implementing in-software settings that allow end-users or
therapists to easily adjust game difficulty, visua or auditory
feedback levels, and force feedback intensity. In addition, we
plan to incorporate a brief calibration or tutorial at the start of
a session, where the system can gauge a user’'s comfortable
range of motion and strength, and automatically set initial task
parameters accordingly. These changes aim to embed
personalization directly into the platform. A follow-up study is
being designed to involve alarger cohort of patients with FND
in a multisession at-home trial with the refined platform [32].
That study will evaluate not just usahility, but also short-term
effects on motor function and symptoms, using clinical scales
and objective performance metrics within the game. We will
also examine learning effects-whether repeated use leads to
improved user proficiency or changesin feedback preferences—o
understand how usability evolves over time. Animportant future
directionisto explore remote or home usability of thisplatform
[32]. Given theinterest in home-based rehabilitation (and lessons
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learned during the COV1D-19 pandemic), we aim to test whether
patients can effectively usethe XR system at home with minimal
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can track usage and progress), and ensuring robust technical
support is available. Addressing these factors will be essential

for trandating this coproduced XR platform into a scalable,
real-world therapeutic option for individuals with FND.

supervision. This will involve devel oping comprehensive user
guides, integrating remote monitoring capabilities (so therapists

Figure 3. Based on the comparator model, when a motor command is issued, an accompanying efference copy is generated, which allows the brain to
predict the expected sensory outcome of the action. This predicted outcome is then compared to the actual sensory feedback upon action completion.
A strong the feeling of agency isexperienced if thereisaclose match between predicted (corollary discharge) and actual sensory information (afference)
from the environment. This comparator model can also explain feeling of agency in virtua extended redlity (XR) environments where a virtual
representation mimics the user’s physical movement, providing exafference that, when combined with reafference, provides users the sense of agency
(feeling of agency).
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Conclusions

Through a collaborative coproduction approach, we devel oped
and pilot-tested anovel XR (VR+ haptic) biofeedback training
platform for patients with functional upper limb weakness due
to FND. Our usability findings are encouraging: an interactive
XR position feedback game was rated highly usable by all
participants, and a VR relaxation experience received very
positive feedback from some users. At the same time, the
variability in responses, particularly the challenges faced by
one participant during the force feedback task, highlights the
necessity of a flexible, user-tailored design in such
neurotechnologies. One-size-fits-all solutions are unlikely to

feedback, we identified concrete areas for improvement (such
as hardware comfort and software adaptability) that will guide
the next iteration of the platform. This study demonstrates that
patients with FND and clinicians are not only capable of
providing meaningful input into technol ogy design but are eager
to do so when the goa is to enhance therapy. With further
refinement and larger-scale testing, the XR platform has the
potential to become a valuable tool in FND rehabilitation,
offering engaging, at-home training that reinforces patients
agency and motor function in a way that is enjoyable and
customized to their needs.
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Abstract

Background: Stroke is a leading cause of disability, often accompanied by unilateral spatial neglect (USN), which severely
impairsrecovery. Traditional assessmentslike paper-pencil tests provide limited insightsinto behaviors and eye-hand coordination
during real-world tasks. Advances in hand pose estimation and eye tracking in combination with augmented reality (AR) offer
potential for data-driven assessments of naturalistic interactions.

Objective: This proof-of-concept study presents and evaluates a multimodal behavioral tracking system that captures gaze,
body, and hand movements during interactions within an AR environment. Our primary goals areto (1) validate that this system
can achieve robust and accurate interaction data capture in clinical settings, (2) show that the system can reliably detect known
USN behaviora patterns, and (3) explore how comprehensive data can provide new understanding of eye-hand coordination
deficitsin USN.

Methods: We developed an AR-based assessment system using Microsoft HoloLens 2 and an externa body-tracking camera
to capture real-time gaze, hand, and body movements in an interactive environment. Multimodal data streams were temporally
synchronized, fused, and filtered to enhance spatial accuracy and availability. Tracking performance was benchmarked against
a traditional optical motion-capture system to validate reliability. In a study, 7 patients with right-brain lesions with mild to
moderate USN and 8 healthy controls participated. Each performed a designed reaching task, stamping virtual sheets of paper
that appeared randomly on atable. We analyzed participants' search behavior patterns to assess attentional biases and examined
gaze anchoring timing during targeted reaching motions to explore potential eye—hand coordination deficits.

Results: Thefusion of hand-tracking data from the HoloL ens 2 and external system reduced tracking loss from 25.7% to 2.4%,
with an absolute trajectory error of 3.27 cm. The system demonstrated high usability and was well accepted by patients. Data
from the control group confirmed the absence of intrinsic lateral biasesin the system and task design. The USN group displayed
typical search behavior through ipsilesional biasesin gaze direction during visual exploration (median deviation 7.46 [1.61-9.48]
deg, P<.05) and longer times to find contralesional targets (median difference 1.08 [0.20-1.80] s, P=.02). Additionally, the
eye—hand coordination analysisrevealed lateral differencesin gaze anchoring during targeted reaching motionsinthe USN group,
with earlier fixation on contralesional targets (median difference 112 [71-146] ms, P=.02).

Conclusions: The proposed AR framework provides a novel, comprehensive data-driven method for capturing interaction
behavior in acontrolled, yet naturalistic environment. Our results demonstrated the system’s effectivenessin measuring hallmark
USN symptoms, such as gaze and head orientation biases, and highlighted its potential to complement traditional assessments
by offering deep insights into torso rotation and eye-hand coordination with a high resolution and accuracy. This data-driven
approach shows promise for enhancing current USN assessment practices and gaining new insights into patients' behaviors.

(JMIR XR Spatial Comput 2025;2:€70985) doi:10.2196/70985

KEYWORDS

visual neglect; stroke rehabilitation; augmented reality; eye-hand coordination; gaze anchoring; hand tracking; eye tracking;
digital twin; motion capture; neurorehabilitation technology; unilateral spatial neglect; AR
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Introduction

Stroke represents a profound public health challenge, affecting
one in four adults during their lifetimes [1]. Of the numerous
poststroke impairments, unilateral spatial neglect (USN) is a
particularly significant barrier to patient recovery: Evident in
up to 43% of patients after a right-hemispherical brain lesion
(RBL) [2], this condition is characterized by a reduced ability
to attend to contralesional stimuli, impacting essential daily
activities [3,4]. Consequently, the rehabilitation journey is
fraught with challenges, including heightened fall risks, poorer
rehabilitation outcomes, extended hospitalization time, and
reduced likelihood of being discharged home [5-7].

In 75% of USN cases, patients present with egocentric visua
USN [8], marked by a bias of visual exploration through head
and eye movements toward the ipsilesional side [9]. However,
USN is a heterogeneous condition, encompassing a spectrum
of attentional deficits across visual, tactile, auditory, and
proprioceptive domains [10-12]. Consequently, multiple tests
are typicaly employed to measure the severity of USN.
Paper-pencil tests such as the Bells/Stars Cancelation [13] and
Line Bisection [14] are commonly used due to their good
sensitivity among paper-pencil assessments [15]. However,
discrepancies between test results and patients’ real-world
behavior are frequently reported [16].

Behavioral assessmentslikethe Catherine Bergego Scale address
this gap by evaluating neglect during several activities of daily
life, but they require labor-intensive direct observation and offer
limited quantitative insight into task execution [17].
Technological approaches, such as gaze analysis during free
visual exploration, provide quantitative insightsbut arerestricted
to specific test settings [18]. Evidence suggests that attentional
biasesin USN extend beyond eye movements, being influenced
by motor acts and proprioceptive feedback. For instance, the
orientation of the trunk mid-sagittal plane was shown to
modul ate the perceived forward direction and shift neglected
space [19-22]. Moreover, proprioceptive cues, such as pointing,
guidethedirection of visual attention [23]. Accordingly, patients
with USN exhibited biases of visual attention toward the
ipsilesional sides of these cues[24].

These findings highlight the need for a comprehensive
behavioral tracking system that can capture eye, body, and hand
movements during task execution in environments that closely
mimic real-world conditions.

Virtual reality (VR) or augmented reality (AR) systemsthat are
able to track gaze and hand movements partially address these
requirements. VR has been explored to simulate real-world
interactions for studying USN [25]. However, immersive VR
introduces new challenges such as user disconnection from the
real environment, proprioceptive disconnection (eg, theinability
to see one’s own hands), and motion sickness[26]. By contrast,
AR overlays simulated elements onto the real world, creating
a mixed reality experience, addressing aforementioned
discomforts [26] and integrating both physical and virtual
objects into experiments. Consequently, AR has recently seen
agrowing application in neuroscience and rehabilitation [27,28].

https://xr.jmir.org/2025/1/€70985
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However, despite these advantages, standalone AR systems till
fall short of the comprehensive behavioral tracking requirements
identified earlier. The inside-out tracking approach of typical
AR systems like the Microsoft HoloLens 2 (where sensors on
the headset track the environment) provides limited full-body
tracking beyond hands and head position. Additionally, hand
tracking can fail when users' hands are not positioned directly
in front of them or during complex object interactions.

To address this gap, researchers have begun complementing
inside-out tracking with external motion capture (Mocap)
systems [29,30]. In clinical settings, external tracking systems
combined with AR have primarily been used to position virtual
objects relative to physical ones, particularly for surgical
guidance applications [31,32]. However, there is limited
evidence of this combination being utilized to capture
comprehensive behavioral datain clinical rehabilitation contexts
[33].

Accordingly, we propose a novel framework encompassing a
head-mounted AR system (HoloLens 2, Microsoft USA [34])
and a single RGB-D camera (ZED 2i, Stereolabs USA),
providing the following:

- A controlled environment allowing for awide range of user
interactions with both digital and real-world elements.

- Accurate tracking of gaze orientation, hand movements,
and body posture during task execution, with improved
hand-tracking accuracy and availability enabled by sensor
fusion.

- Detailed digital reconstruction of interactions to enable
comprehensive behavioral analysis.

- Automated dataintegration and metric extraction to enable
guantitative analysis, with a focus on eye-hand
coordination.

The goal of this proof-of-concept study is to demonstrate the
feasibility and utility of our tracking framework through a
systematic validation approach. Our validation encompasses
both a technical accuracy assessment against a marker-based
VICON system and clinical validation through the detection of
known USN symptoms. Beyond confirming that the framework
captures established USN behavioral patterns, we explorelateral
differences in eye-hand coordination during goal-directed
actions as anovel behavioral marker. With this, our framework
shows promisein enhancing current USN assessment practices
and gaining new insights into patients' behaviors.

Methods

System Overview

The system (Figure 1) comprised three main parts. (1) A tracking
system, which measures and records gaze direction, hand, and
body movements. It enables interactions with (2) a simulated
virtual environment, whichisoverlaid onto thereal world using
ahead-mounted AR display. (3) An offline data-processing and
data-reconstruction system creates adigital twin of the captured
interactions, allowing for in-depth analysis.
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Figure 1. Overview of the system.
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We obtained interaction data from multiple sources. The
HoloL ens 2 provided gaze and hand-tracking data through the
Mixed Reality Toolkit API [35]. These data were recorded
alongside the state of the virtual environment, at a frequency
of 40 Hz, capturing the users view a each moment.
Additionally, an external RGB-D camera (ZED 2i, Stereolabs,
USA) was set up in front of the users, facing them.

The coordinate framewas aligned to that of the HoloLensduring
setup by taking a picture of a checkerboard with both cameras
and extracting the relative transformation between the two.
Using the manufacturer-provided body-tracking algorithms
[36], body key points were extracted, including hand and
shoulder joint positions. This pose information was recorded at
afrequency of 30 Hz. The hand-tracking datawere additionally
streamed in rea time to the HoloLens to complement the
on-device hand tracking that was at times subject to tracking
loss.

https://xr.jmir.org/2025/1/€70985
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Virtual Environment Design

The virtual environment was designed to assess the hand- and
eye-tracking capabilities of our system, specificaly its ability
to capture metrics relevant to USN. To encourage naturalistic
behavior, it was structured as a game around a familiar,
easy-to-learn task that required repeated, precise reaching
motions: stamping virtual sheets of paper. For this task, users
satinfront of aphysical table overlaid with aholographic table.
Two virtua ink pads, one orange and one violet, were shown
to participants, positioned as shown in Figure 2. During the
task, virtual sheets of paper appeared sequentially in arandom
order across 21 locations distributed radially (Figure 2). Each
sheet displayed ahand outline, color-coded in orange or violet.
The users selected the color by putting their hand into the
corresponding virtual ink pad in front of them. They then
performed a reaching motion to stamp the paper, after which it
disappeared, and a new one appeared. Participants were told
that their main goal wasto perform thistask asfast aspossible,
but to ensure goal-oriented reaching and precise movements
toward the targets, they were aso told to stamp the papers as
precisely as possible within the respective hand outline.
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Figure 2. Top-down view of the game setup. Virtual sheets of paper appear in 21 possible locations indicated by X, radially distributed and spaced at
140 mm by default. Two virtual stamp pads are aways shown in front of the user. The ZED camerafor external body tracking is set up opposite of the
user with aview of the entire table and the user’s pose. Image of HoloLens 2 from [34].

External Body Tracking Camera

Participant

To promote naturalistic behavior while ensuring data
comparability, implicit constraints were implemented. A brief,
randomized delay of 1 to 3 s after each paper was stamped
encouraged usersto reset their posture between trials. Moreover,
the virtual sheets never appeared adjacent to each other, that is,
as direct neighbors in any direction, to minimize carryover
effects from the previous location. By requiring ink selection
prior to stamping, each movement began from acentral position
and interactions followed a consistent sequence: locating the
paper, selecting theink, and finally stamping. These constraints
ensured the independence and comparability of each episode
without explicitly directing user actions.

Aninitial tutorial wasintroduced to help participants understand
the game and theinteraction with the system. Thisallowed users
to familiarize themselves with the task and the limited field of
view of the HoloL ens 2, which required them to turn their heads
to see al possible paper positions on the table. To ensure that
all sheets were comfortably reachable, the experimenter could
adjust distances between papers during the tutorial so that even

https://xr.jmir.org/2025/1/€70985
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thefarthest sheet remained within arm’sreach. This setting was
kept constant during the experiment.

The repeatability of each experiment was ensured by fixing the
seeds on the random number generators. Moreover, potential
biases were avoided by balancing out the color of the outline
on the paper, ensuring that both colors occurred equally often
within and between the left- and right-hand sides of the user.

The stamping task allowed users to interact with a physical
surfacethat aligned with the virtual one, providing direct haptic
feedback. This design choice was informed by insights from
pilot experimentsand previouswork within our research group,
highlighting the importance of tactile interaction [37].

To enhance engagement, anon-directional “bling” sound, similar
to a phone notification, signaled the appearance of each new
paper, while a chime rewarded users when they correctly
stamped a sheet. Additionally, if auser could not find the paper
within ten seconds, the system automatically advanced, causing
the current sheet to disappear and the next one to appear.
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Data Processing

For comprehensive behaviora analysis, accurate hand
movement, gaze, and body position tracking were required. To
address temporal and spatial misalignment, sensor noise, and
data loss, the recorded data underwent extensive processing
outlined in this section.

Tempora misalignment between the external tracking and the
HoloL ens 2 was corrected in two steps. During the recording,
the hand poses were streamed to the HoloLens. An initia time
offset estimate was obtained from the difference in sender and
receiver timestamps. However, this still included network and
processing delays and an error introduced by the differencein
sampling rate (40 Hz vs 30 Hz). The time offset was therefore
refined by maximizing cross-correl ation of the normalized hand
positions from both sources. Across al recordings, the

Table. Kaman filter parameters.

Becker et al

cross-correlation of hand poses was on average 0.96, with
external tracking data arriving with an average delay of 92 ms.

To address tracking losses and noise from either source,
hand-tracking data from both the HoloLens 2 and external
system were fused using aKa man filter with astandard constant
acceleration motion model. The two coordinate systems were
initially aligned using a checkerboard calibration, but residual
spatial errors were addressed by estimating a 3D offset within
the filter. To avoid introducing temporal delays, Kaman
smoothing was applied with a backward pass over the time
seriesto achieve zero-phasefiltering [38]. Thefilter parameters
were tuned based on expected hand motion characteristics and
system accuracies (Table 1). Innovation gating was used to
reject outlier measurementsthat fell outside the 90% confidence
region based on the calculated Mahalanobis distance.

Parameter Vaue Description

Process noise (acceleration) 3m/& Expected SD of hand acceleration

Process noise (spatia offset) 0.0001 m/s Random walk SD for coordinate alignment
External tracking measurement noise 0.02m SD of external tracking poses

Hol oL ens measurement noise 0.01m SD of HoloL ens poses

Innovation gate threshold 90% Confidence region for outlier rejection

Gaze data was recorded in two ways. On one hand, the gaze
direction and origin were recorded, from which the construction
of agazeray was possible. On the other hand, the intersections
of the gaze ray with objects in the scene, for example, “Paper,
Table, Ink Pad,” were computed at each update, and the target
of the gaze was recorded. Given the reported variance of 1.5°
to 3°in HoloLens 2 gaze directions[39], temporal filtering was
applied to both time series. For the gaze target-object filtering,
only Papersand Ink Pads were considered astargets of interest.
A median filter over saven samples (spanning 0.175 sat 40 Hz)
was applied to the time series. As a result, a target was
considered fixated when first intersected, if subsequently the
gaze remained on it for at least 50% of the diding window
duration (~0.085 s). The gaze origin and gaze direction vectors
were filtered with a median filter with a 0.35 s window.

Head poses were obtained directly from the HoloL ens 2 without
filtering, as it exhibited little noise due to the device's built-in
robust localization system.

The torso rotation was reconstructed from the tracked chest,
left, and right shoulder joints of the externa tracking data
Outliers were removed based on sanity checks, asserting that
the head position was always between the two tracked shoulder
joints.

Metric Extraction and Data Visualization

To validate the system’s capability to measure common neglect
symptoms, wefocused on metricsthat eval uate search behavior
and attentional shiftstherein. Our analysisincorporated spatial
orientation metrics during the search phase (from paper
appearance until target identification): average gaze direction,
head rotation, and torso rotation, all computed relative to the
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table coordinate system using filtered sensor dataand estimated
forward vectors from the processed data.

For eye—hand coordination analysis, we examined the temporal
relationship between gaze anchoring and motion onset. While
gaze timing could be directly extracted from the gaze-target
time series, determining precise motion onset required a more
sophisticated approach.

Aninitial estimate, given by the recorded time the hand | ft the
ink pad, was refined by identifying the optima velocity
minimum from candi date minimawithin the movement window.
The selection was based on a multifactor scoring system that
weighted (1) spatial proximity to theink pad position, (2) hand
velocity magnitude, (3) directional alignment with the target
movement vector, and (4) temporal consistency with stamping
events. The candidate with the lowest combined score was
selected as the movement onset point.

Despite this sophisticated approach, various technical and
environmental factors could still affect motion onset detection
accuracy, creating the need for asystematic dataquality review.
To addressthis, weimplemented an automated outlier detection
system that flagged an episode for review in case the duration
of the motion exceeded 1.5 times the interquartile range (IQR)
beyond the upper or lower quartile for individual user
measurements (accrued metric over al episodes for that user).

Other metrics, such as the time it took to find a paper after its
first appearance, were also processed by this system to detect
anomalies resulting from technical issues such as occasional
failures to register fixations or interactions.

Tofacilitate the review of these episodes and, in abroader sense,
enable the qualitative analysis of the recorded interactions, we
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implemented adigital twin: an interactive 2D visualization tool
reconstructing user interactions (Figure 3). This digital twin
provided an animated top-down view of the simulated
environment, displaying the users' head, torso, and hand poses,
gaze directions, and hand movement data. This alowed for a
visual review of the flagged episodes to determine if the

Becker et al

anomalies resulted from technical errors rather than natural
human behavior. Any episodeswhere the visualization reveal ed
tracking loss during critical phases, fixation or interaction
registration failures, or other clear technical errors that
compromised the affected metrics were marked as outliers.
These episodes were excluded from the subsequent analysis.

Figure 3. Snapshot of digital twin replay of example datafrom our dataset. A black X marks the current fixation point. The magentaline connects the
current motion start and end point. The torso with estimated orientation is shown in brown, together with the tracked positions of the hand and head. A
red path shows the hand’s position history, and a black path shows the user’s gaze target over the past 3 seconds, both fading with time.
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The digital twin tool abstracted sensitive information, enabling  Study Design

secure and collaborative qualitative analysis, which both
clinicians and researchers found valuable for reviewing patient
behavior. Its visualization of extracted metrics provided an
intuitive way to replay and contextualize gaze, motion, and
compensatory strategies, making it apractical aid for identifying
patterns and generating insights to guide research and
rehabilitation approaches.

Tracking Accuracy Evaluation

To evaluate the hand-tracking accuracy of the HoloLens 2, the
ZED 2i body tracking, and the fused hand tragjectories, we
compared their 3D hand positions against ground-truth data
recorded at 200 Hz with a VICON motion capture system.

Participants were equipped with infrared markers placed on
both shoulders, the chest, and the index knuckle of each hand.
Tempora aignment of the data was achieved by maximizing
cross-correlation across speed and acceleration of hand
movements. All signals were resampled to acommon temporal
grid. The spatial alignment was initialized by finding the rigid
transformation that aligned the tracked shoulder and neck
positions between the systems. It was then refined via an
Iterative Closest Point (1CP)-like approach, maximizing global
alignment of the hand positions between the Mocap system and
the filtered hand positions.
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A proof-of-concept study was conducted with patients
experiencing neglect symptoms after an RBL. Each patient
played three rounds of the “game,” where one round consisted
of one paper appearing at each of the 21 locations, for a total
of 63 episodes. The first round of the game was only played
with the right hand; the subsequent two rounds presented the
patients with papers containing left- and right-hand outlines,
requiring patients to select the correct hand for the interaction.
The order in which the papers appeared, as well as their color
and hand outline, was randomized across games. The
randomization was balanced to obtain two right-handed
interactions per paper location for a total of 42 episodes (21
episodesin the first game, 12 in the second game, and 9 in the
last game). The color randomization was equally balanced,
resulting in a total of 33 episodes showing purple papers and
30 episodes with orange ones.

Before the experiment was started, the participants were asked
to calibrate the eye tracker of the HoloL ens 2 using Microsoft’s
calibration tool. To complete the calibration, a Vuforia marker
[40] was used to align the holographic table with the physical
table.

The patients were subsequently presented with atutorial phase,
during which no data were recorded, and the sheets did not
disappear. The positions of the sheets in the tutorial were the
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same as in the actual game, but the sequence and colors were
different, to avoid learning effects. During this stage, the
experimenter assisted patientsin locating the sheets by referring
to the external application monitor, which displayed the current
sheet’s position.

Once a participant had independently located and stamped six
consecutive papers, the tutorial was terminated, and the actual
assessment began. They were informed that the time was being
recorded and instructed to perform the stamping task asfast and
as accurately as possible.

While it was initidly intended to also consider left-handed
motions, we soon found that many of the patients had
impairments to the contralesional limbs, which could not be
attributed to USN. In the results, we therefore only considered
the motion data from the right-handed interactions. For
perception-only metrics, like the time until a paper was first
looked at, all episodes were included in the analysis.

Ethical Consider ations

The study was conducted in accordance with the latest version
of the Declaration of Helsinki and received approval by the
Ethics Committee of the Canton of Lucerne (1D 2017 - 02195).
Before participation, all participants were informed about the
content of the study, the steps and procedure of the experiment,
and the goal of the study. Participants provided written informed
consent and were explicitly informed of their right to revoke
their consent at any time throughout the study or later. All data
were anonymized to protect participants privacy and
confidentiality. Participants did not receive any compensation
for their participation.

Usability
At the end of the experiment, the participants completed a

usability questionnaire consisting of the following statements,
each rated on a5-point Likert scale where 1 was annotated with

Becker et al

“strongly disagree” and 5 with “ strongly agree (translated from
German):

- Interacting with the elements (eg, paper, stamp) was
comfortable

« |l intuitively understood how to interact with the elements
(paper, stamp).

- The gameinstructions were clear and easy to understand.

- The game maintained my attention from beginning to end.

« -l enjoyed playing the game.

« The challenges in the game were appropriate and
well-balanced.

- | felt overwhelmed while playing the game.

- The game had a good pace—neither too slow nor too fast.

« | felt stressed by the game.

Results

Patient Characteristics

The study was conducted with seven right-handed patients (3
women and 4 men), between 49 and 83 years old (median 75
[58-78] y), who had an RBL. The participants were diagnosed
with mild to moderate USN based on clinically relevant scores
in a battery of tests (Table 2) consisting of mean gaze position
(MGP) during free visua exploration (FVE) [18], bell's
cancelation tests [13], and behavioral analysis using the
Catherine Bergego Scale score [4,17]. While interactions with
both hands were recorded, our analysisfocused on the dominant
and ipsilesional right hand. Only patients with little to no
impairment of their right hand and arm movement were sel ected,
which was assessed using the LIMOS score [41]. Due to time
constraints, two patients (P1 and P5) completed only two out
of three recordings during the experiment duration. For patient
P5, this was anticipated, and they were asked to play the game
with their right hand twice.

Table. USN group individual test scores on relevant clinical tests performed by clinicians prior to the study.

Patient 1D Gender Age(y) CBS? MGP FVEP CoC® LIMOS® right hand
and arm movement

P1 Female 83 4 3.92 0.04 4/5

P2 Mae 49 1 1.45 0.02 5/5

P3 Mae 79 0 043 0.15 4/5

P4 Female 77 7 325 0.37 5/5

P5 Mae 67 5 133 0.09 5/5

P6 Female 74 12 252 0.11 5/5

P7 Male 49 0 2.00 0.09 4/5

8CBS: Catherine Bergego Scale (0% - 30%, higher=more neglect).

PMGP FVE: Mean gaze position during free exploration (cut-off>1.33°, rightward=positive).

CoC: Center of cancellation (cutoff>0.081, left neglect=positive).
dLIMOS: 4=sowed and 5=independent.

The control group consisted of eight healthy individuals (1
female and 7 males) between 20 and 60 years old (median 31
[23-51] y). While none of the participants in the USN group
had previous experience with AR devices, four out of the eight
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participants in the control group had previously used the
technol ogy.
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Accuracy and Availability of Hand Tracking and Tor so
Rotation

Hand-tracking accuracy was evaluated for the HoloL ens 2 and
ZED 2i tracking system individually, as well as for their fused
and filtered data, using the VICON Mocap system as ground
truth. For evaluation, three male users independent from the
clinical study participantswere chosen, and measurementswere
obtained from gameplay with either hand, resulting in a total
of 6 recordings (3 left hand and 3 right hand). We report the
tracking accuracy during the relevant dynamic reaching motion

Table. Tracking accuracy results versus VICON data.

Becker et al

only. The results in Table 3 show that the fused approach and
the HoloLens 2 standalone achieved similar hand-tracking
accuracies, with root mean square errors (RMSE) of 3.27 cm
and 3.54 cm, respectively. The ZED 2i data contained large
outliers (52.5 cm at the 95th percentile), which increased the
RMSE to 37.1 cm. The median absolute error (AE) was also
larger at 5.51 cm. The HoloLens 2 had frequent tracking loss,
resulting in 74.3% availability. The ZED 2i and the fusion of
the two sources achieved much better rates of 97.2% and 97.6%,
respectively.

Tracking method RMSE? (cm) Median AE® (cm) 95th percentile AE® (cm)  Availability®
HoloLens 2 354 271 6.30 74.3%
ZED 2i 37.1 551 52.5 97.2%
Fusion 3.27 2.24 5.80 97.6%

3RM SE represents the root mean square average trajectory error during the reaching motion.
bMedian AE and 95th percentile AE show the distribution of absolute errors across all samples.

CAvailability indicates the percentage of frames with valid tracking data.

Thetorso rotation extracted from the ZED2i body tracking was
compared to that obtained from the VICON system and
evaluated during the search phase. The median signed error was

0.26°, withamedian AE of 1.45° and 97.1% availability (Table
4).

Table. Torso rotation accuracy and availability against VICON data during free visual exploration®

Metric Value
Median angle error (signed) 0.26°
Median absol ute angle error 1.45°
95th percentile absolute angle error 4.41°
Availability 97.1%

8Availability indicates the percentage of frames with valid tracking data.

Omissions

While patients received assistance and cuesto search the entire
space during the tutorial, no cues were provided during the
actual experiment to avoid influencing search behavior. Papers
that remained unfound after 10 s automatically disappeared,
and the next paper appeared to maintain game progression. This
time limit resulted in some omissionsin the USN group: 9.3%
(15/161 episodes) of papers on the left side and 3.3% (5/151
episodes) on theright side were not found within thetime limit.
The control group showed no omissions, nor were any omissions
recorded for centrally positioned papers in either group.

Biases During Search Behavior

In line with previous research [8,9], the visual exploration of
patients with USN was hypothesized to be biased toward the
ipsilesiona side. Using the proposed system, we analyzed the
gaze direction during the search phase, aswell astorso and head

https://xr.jmir.org/2025/1/€70985

rotation. In the following, all statistical tests were performed
using a Wilcoxon signed-rank test (due to the small number of
participants) for a zero-mean hypothesis with a two-sided
alternative. The level of significance was chosen at a=.05.

The results in Figure 4 show that the USN cohort exhibited a
significant ipsilesional shift in the average gaze direction during
FVE (median 7.46 [1.61-9.48] deg, P=.05). Similarly, a
significant rightward trend of their average head rotation was
observed (median 4.03 [2.52-7.94] deg, P=.03). A trend of an
average torso rotation toward the contralesional sideinthe USN
group did not achieve statistical significance (median —3.81
[-4.78 to 0.48] deg, P=.22) . In the control group, the average
head orientation was shifted slightly, but significantly, toward
the left during the search phase (median 1.40 [-4.25 to —0.04]
deg, P=.02). Aside from that, the zero-mean hypothesis could
not be rejected for the average gaze direction (median —1.75
[-2.87 to -0.10] deg, P=.11) and the average torso rotation
(median 1.44 [-1.37 to 4.00] deg, P=.31) in the control group.
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Figure 4. Boxplots and data points for average orientation of gaze, head, and torso relative to the table in front of the users. Boxes represent the IQR,

the solid lines indicate the median, the whiskers indicate the minimum and

maximum values that are not considered outliers.
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To investigate the effect of biased search behavior on the time
it took usersto find sheets of paper placed on the left and right
sides of the table, we conducted a pairwise comparison. Each
sheet on the left (within the two leftmost radial sectors) was
matched with itsmirrored counterpart on theright, and for each,
we calculated the average time it took a user to find it across
multiple trials. We then compared the average time for each
paper on the left to the average time for its counterpart on the
right. For example, if a user took an average of 8 sto find a
specific sheet on the left and an average of 5 s to find its
counterpart on the right, the difference for that pair would be
+3s.

This difference was computed for each pair and then averaged
across all pairs per user to yield an overall measure of lateral
difference. In the control group, out of the total 504 recorded
episodes, 64 were flagged and removed as outliers (12.7%),
whereas 50 of the total 399 episodes were removed in the USN
group (12.5%). Any pairs with no data on either side were
excluded from the analysis.

The results (Figure 5) indicate that the USN group took
significantly longer to find papers on the left side compared to
theright (median difference 1.08 s[0.20-1.80], P=.02), whereas
no significant difference in the control group was observed.

Figure 5. Pairwise differences of the time until each paper was found on the left and right side. A positive difference indicates that the papers on the
right were found sooner. Box represents the IQR, the solid line indicates the median, the whiskers indicate the minimum and maximum values that are

not considered outliers. Control: n=8, median —0.05 s[-0.22 to —0.01], P=

Control
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.08; USN: n=7; median 1.08 s [0.20-1.80], P=.02.
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Differencesin Timing of Gaze Anchoring

Asanimportant aspect of eye-hand coordination, weinvestigate
gaze anchoring behavior during targeted motion. A typical
episode involved the following steps: (1) the participants were
located and fixated on the paper; (2) gaze was shifted to theink
pad while the participant selected a color with their hand; (3)
hand motion was initiated away from the ink pad toward the
remembered |ocation of the paper; and (4) gaze anchoring was
shifted back to the paper to guide the ongoing motion.
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Eye-hand coordination is a complex field of research. One
aspect that is often considered is the timing of fixations with
respect to intent and concrete actions[37]. In patientswith USN,
disrupted spatial attention may particularly affect thistemporal
coordination between gaze and movement. In the following,
we therefore analyzed lateral time differences between (3) and
(4). This was done using a pairwise comparison, similar to the
previous section. For each side, we calculated the average time
between the onset of hand movement and the fixation of the
target paper, comparing these times between | eft- and right-hand
sides. For example, if a user fixated on a sheet 100 ms after
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initiating hand movement toward it on the left side and 300 ms
on theright, the difference for this pair would be —=200 ms. The
outlier review resulted in 52 of the 336 episodes with
right-handed interaction data (15.5%) being rejected in the
control cohort and 47 out of 246 (19.1%) in the USN group.

Becker et al

The results (Figure 6) show that the USN group fixated on the
target of their motion significantly earlier for targets on their
left compared to their right (median difference of 112 ms[-146
to -71], P=.02). In contrast, the control showed no significant
lateral difference (P=.74).

Figure 6. Pairwise difference between the sheets on the left and on the right side and of the time between motion onset and fixation of the motion
target. A negative difference indicates that sheets on the left were fixated earlier. The box represents the IQR, the solid line indicates the median, and
the whiskers indicate the minimum and maximum values that are not considered outliers. Control: n=8, median 5 ms [-19 to 41], P=.74; USN: n=7,

median -112 ms[-146 to -71], P=.02.
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Given that gaze anchoring has been shown to shift in timewith
longer duration movements [42], we examined whether the
observed lateraity in gaze timing could be explained by
corresponding differences in movement durations. To assess
this, we analyzed the relationship between lateral differences
in gazetiming and lateral differencesin the duration of reaching
motions across participants. Pearson correlation analysis
revedled a moderate correlation, not achieving statistical
significance (control: r=.20, P=.63; USN: r=.67, P=.10).
Additionally, we examined whether patientswith USN showed
systematic differencesin motion duration between left and right

Table. Overview of the usability study questions and answers.

sides. Despite a mean difference of —80 ms, the median
difference was effectively zero (0.8 [-204 to 63] ms), and azero
mean hypothesis could not be rejected (P=.58).

Usability

Table 5 shows the median ratings for al usability questions.
Patients rated the game as comfortable (median 4) and intuitive
(median 5), with high scores for clear instructions (median 5),
enjoyable gameplay (median 5), and balanced challenges
(median 4). Participants generally felt the game was engaging
(median 4) and appropriately paced (median 4), with minimal
reports of stress (median 1) or overwhelm (median 1).

Question

Interacting with the elements (eg, paper, stamp) was comfortable.

| intuitively understood how to interact with the elements (paper, stamp).
The game instructions were clear and easy to understand.

The game maintained my attention from beginning to end.

| enjoyed playing the game.

The challenges in the game were appropriate and well-balanced.

| felt overwhelmed while playing the game.

| was motivated to continue playing.

The game had a good pace—neither too slow nor too fast.

| felt stressed by the game.

Discussion

Accuracy and Availability of Hand Tracking and Tor so
Rotation

The HoloLens standalone method clearly demonstrates the
tracking lossissue described in the Introduction. The datafrom

https://xr.jmir.org/2025/1/€70985

RenderX

the ZED 2i, while achieving excellent availability, suffered
from both higher systematic errors, likely due to coordinate
system misalignment, and significant noise, resulting in poor
overall accuracy. Our fusion approach combined advantages of
both sources, achieving better tracking accuracy than the
HoloL ens 2 while maintaining near-complete availability.
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Torso angle tracking achieved high availability with no
systematic bias, as evidenced by the small median signed angle
error (0.26°). However, the median absol ute angle error of 1.45°
isrelatively large compared to the clinical effects found during
the search behavior phase, limiting the confidence in these
results. This could possibly be improved in the future by
ensuring better alignment between the external tracking system
and the HoloL ens 2 coordinate system.

Biased Search Behavior in Patients With USN

The analysis of the MGP during the search phase revealed, as
expected, an ipsilesiona shift in the patients with USN with
respect to the table center. This was consistent with previously
recorded behavior of patients with USN [43-45]. The shifted
MGP also explains the prolonged time until papers on the
contralesional side were found.

A significant feature of our method compared to traditional eye
tracking during FVE is that it allows for free rotation of the
head and torso. Analyzing the search behavior with this
approach revealed that patients exhibited a bias of their head
rotation toward the ipsilesiona side, aligning with their gaze
direction. Moreover, some patients rotated their trunks slightly
toward the contralesional side, although thiswas not abehavior
that achieved significance among the USN group. Nonetheless,
this prompts further investigation into the observed behavior,
as trunk orientation is known to define the reference frame for
visual neglect. Hence, arotation toward the contralesional side
could have reduced the attentional bias to a certain degree in
those patients, as reported by [19,20,46]. In general, these
findings emphasi ze the importance of measuring torso rotation
for a comprehensive assessment of USN symptoms.

The control group exhibited a dlight leftward bias of their head
rotation relative to the table, which can be explained by the
intrinsic left-to-right scanning tendency, sometimes associated
with reading direction, and right-hemispheric dominance for
attention prevalent among healthy individuals [47,48].

Lateral Differencesin Timing of Gaze Anchoring

The observed difference in gaze anchoring timing between the
left and right sides encourages the hypothesis that neglect may
impact eye—hand coordination in the USN group, though this
remains a preliminary finding. In both groups, users generally
initiated the motion from the ink pad to the paper “blindly,”
relying initially on the remembered position of the paper.
However, in the USN group, the results indicate that gaze
anchoring occurs earlier in the motion for targets on the left
compared to the right.

Several factors may contribute to this asymmetry. First, the
USN group might have put lesstrust in their memorized target
positions on the left side, prompting them to fixate on those
targets sooner. Supporting this theory, previous works have
reported increased | ocalization errors on the contralesional side
[49]. According to [50], the visuospatial working memory was
negatively affected after patients shifted their attention toward
stimuli ipsilesional to the memorized location. In our experiment
setup, such astimuluswas present, asthe stamping task involved
an attentional shift back to the centrally positioned ink pads,
requiring patients to memorize a contralesional location.
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Additionally, reaching with the right hand toward a target on
the left may also have induced an intermediate attentional shift
toward the ipsilesional side, reinforcing this effect.

Second, differences in movement duration could partialy
account for the gaze anchoring asymmetry [42]. We observed
amoderate correlation between lateral differencesin gazetiming
and movement in the USN group (r=.67, P=.10). However, the
movement duration differences showed high variability and no
consistent lateral pattern. This suggests that those differences
cannot fully explain the gaze timing asymmetry. Given the small
sample size, further investigation with alarger cohort is needed
to clarify this potential contribution.

Usability
The positive feedback across several aspects of the framework
and game suggests that it was accessible and motivating for

users, supporting the feasibility of using it for more extensive
clinical trials and during rehabilitation with patients with USN.

Limitations

First, the lack of a stroke-only control group (without USN)
limits our ability to confidently attribute the observed effects
specifically to USN. Additionally, substantial demographic
disparities existed between groups, which are known to influence
motor performance and limit the comparability of motor-rel ated
metrics between groups. Future studies should include a stroke
control group without USN, matched on demographics, to better
isolate USN-specific effects.

Second, both groups had relatively small sample sizes, with
only seven patients in the USN group whose neglect severity
varied from mild to moderate. Thismight haveinflated thelarge
effect size (Cohen d=2.3) of the lateral difference in
gaze-anchoring timing in the USN group. Replication with a
larger cohort may be necessary to validate these findings.

Third, measurement precison of torso rotation was
comparatively low and limits the confidence in the associated
results. Fourth, to obtain the tracking accuracy results, the
VICON data had to be spatially and temporally aligned to the
HoloLens in postprocessing. Therefore, these results reflect
tracking accuracy withinthe HoloLens' coordinate system rather
than absolute world coordinates.

Despite these limitations, the results align with the hypothesized
behavior of patients with USN, strengthening our confidence
in the validity of the results.

Conclusions

In this work, we developed and validated a comprehensive
behavioral tracking system for patients with stroke and USN
that can capture eye, body, and hand movements during task
execution in a mixed reality environment. By integrating a
head-mounted AR display with an external body tracking
system, we obtained naturalistic, multimodal interaction data
in patients with stroke and USN. The system combines a
game-like task with automated metric extraction and data
visualization, offering a scalable tool for quantitative and
qualitative behavioral assessment.
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Importantly, the system demonstrated a significant improvement
in hand-tracking accuracy and availability over the standalone
hand tracking of the HoloLens 2 or ZED 2i, with a fused
hand-tracking error of 3.27 cm RMSE at 2.4% tracking loss.

In a proof-of-concept study with seven RBL patients with mild
to moderate USN, the framework captured behavior consistent
with known USN symptoms, such as ipsilesional gaze biases

Becker et al

earlier when those targets appeared on their contralesional side
compared to their ipsilesiona side.

This framework opens several promising research and clinical
avenues. Larger patient cohorts and appropriate control groups
could provide more robust quantitative insightsinto USN-related
visuomotor deficits. Future investigations of nondominant hand
use and bimanual coordination, and more extensive movement

and delayed contralesional target detection. kinematic analysis, could reveal additional layers of
motor-cognitive interaction in stroke recovery. Ultimately, this
framework lays the groundwork for a truly comprehensive
assessment of how USN manifests across the entire visuomotor

cascade in a naturalistic setting.

The naturalistic task design combined with our system’s
multimodal data capture revealed new insights into USN
visuomotor behavior. In particular, we discovered a pattern
where patients directed their gaze toward movement targets
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Abstract

Background: The emergence of next-generation video-see-through head-mounted displays, such as the Apple Vision Pro
(AVP), has generated considerableinterest in the medical field. While preliminary studies highlight AV P's potential, no controlled
study hasrigorously assessed its usability for precision-based medical tasks requiring fine motor control and real-world perception.

Objective: This study aimsto evaluate the feasibility of using AVP while performing real-world medical precision tasks.

Methods: To assess AVP's feasibility, we conducted a controlled user study with 20 health care professionals, who performed
3 different suturing techniques across 3 intervention conditions. Participants completed the same tasks using AV P, the Mi crosoft
HoloLens 2 (MHL?2), and a baseline (without a head-mounted display). A within-subject design was used, ensuring that each
participant experienced al intervention groups. We used a mixed methods research approach, incorporating both quantitative
metrics, including task completion time, suturing performance, system usability score, cognitive load, virtual reality sickness,
and presence score, as well as qualitative insights gathered through interviews.

Results: Participantstook significantly longer to complete the entire task using AVP (570.0, SD 192.0 s) compared with MHL 2
(456.0, SD 120.0 s; P<.001) and baseline (472.0, SD 143.0 s; P<.001). The analysis on participants average suture performance
revealed no significant differences across interventions (P=.76). The total raw NASA Task Load Index score among participants
was significantly higher for AVP (43.9, SD 15.9) compared with MHL2 (21.5, SD 13.8; P<.001) and baseline (19.1, SD 15.1;
P<.001). The analysis of the presence questionnaire demonstrated a significantly higher presence score for MHL2 (115.0, SD
11.4) compared with AVP (93.7, SD 12.7; P<.001). The overall virtua reality sickness questionnaire score was significantly
higher for AVP (66.9, SD 19.8) compared with MHL 2 (41.1, SD 9.32; P<.001). Moreover, the calculated system usability score
for MHL2 (72.7, SD 8.54) was significantly higher compared with AVP (50.3, SD 14.4; P<.001).

Conclusions: In conclusion, AVP has potential for non-time-sensitive medical applications or those that emphasize digital
elements over real-world interaction. Its current usability limitations, particularly increased cognitive load and prolonged task
execution times, suggest that further optimizations are necessary before widespread clinical adoption isfeasible.

(IMIR XR Spatial Comput 2025;2:€73574) doi:10.2196/73574

KEYWORDS
Apple Vision Pro; HoloL ens; extended reality; precision task; head-mounted display

range of daily activities and professional domains [2]. A
significant development in this field is the rise of extended
reality (XR) devices, which integrate both AR and VR
capabilities, enabling seamless transitions between immersive
and real-world experiences. This new generation of devices,

Introduction

Mixed reality (MR) has been a transformative technology for
several  years, revolutionizing various industries and
applications. As part of the broader spectrum of immersive

technologies [1], MR bridges augmented reality (AR), which
overlays digital content onto the real world, and virtual reality
(VR), which provides fully immersive digital environments.
With recent advancements in wearable technology and
head-mounted displays (HMDs), MR has expanded into awide

https://xr.jmir.org/2025/1/€73574

such as the Apple Vison Pro (AVP) [3], has sparked
considerable interest and is believed to be the future of HMDs
inthe medical domain, offering usersimmersive XR experiences
through video-see-through (V ST) technology [4-12]. Although
there are studies that have examined XR applications across
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various settings and domains, the choice of device and
technology for specific task groupsis often driven by the latest
market trends rather than an informed assessment of their
feasibility for the intended use case.

Egger et a [4,5] regarded AV P asamajor step toward achieving
the “ultimate display” for health care. They highlighted its
potential to address challenges that previous MR devices, such
as the Microsoft HoloLens (MHL) [13], encountered in terms
of precision, reliability, usability, workflow integration, and
user perception. Similarly, Masalkhi et al [6] postulated that
Apple XR technology holds a wide range of possibilities in
ophthalmology, including applications in surgical training,
assistive devices, diagnosis, and education. Furthermore, Olexa
et a [7] reported using AVP as a neurosurgical planning tool
to visualize 3D models of patients. They noted that usersfound
the 3D modelsto be highly realistic (Likert score of 4.5/5), the
real-world view displayed through the headset to be natural
(Likert score of 4.3/5), and experienced minimal eye strain or
fatigue while using the device.

While these studies highlight the significant potential of AVP
in the medical field and its ability to support the development
of various beneficia applications, no controlled or experimental
study has rigorously evaluated the usability of the device itself
and itsimpact on user real-world performance and experience,
independent of the application used. In particular, the suitability
of AVP and its VST design remains unexplored in scenarios
that involve wearing the headset while performing real-world,
delicate tasks requiring fine motor control and precision, such
asthose encountered in surgical support and navigation systems.
As immersive technologies continue to evolve, the extent to
which the choice of devicedirectly influences user performance
remains unclear. Furthermore, while VST devices, suchasAVR,
are expected to enhance the accuracy and precision required for
medical tasks by providing higher-quality visualization and
more robust registration of digital objects, the usability of these
technologies and the devices themselves for applications
requiring real-world precision remains uncertain, as usersrely
on visual information through avideo stream rather than direct
visual perception. Consequently, the safety and feasibility of
AVPin critical applications, such asin situ surgical navigational
systems, need to be investigated. Additionally, its proclaimed
superiority over existing HMDs in medical domains, which
demand high levels of accuracy and dexterity, remains unproven.
This gap presents an important opportunity for further research
to substantiate the benefits and advantages of different XR
approaches, including optical see-through (OST) and VST.

Many of the applications envisioned for AV P have already been
achieved using MHL, an OST MR device series that has
demonstrated a broad range of applicationsin medicine. These
include patient data visualization [14], patient education [15],
assistance and monitoring [16], preoperative diagnosis [17],
anatomy learning [18,19], intervention training [20],
image-guided interventions [21], in situ surgical navigation
[22-26], and telemedicine [27]. Extensive use has demonstrated
the effectiveness of MHL in these areas and provides a strong
baseline for evaluating new XR devices, such as AVPR
particularly for medical applicationsthat rely on MR capabilities

https://xr.jmir.org/2025/1/€73574
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rather than pure VR and require visual perception of the real
world.

This study addresses these gaps by evaluating the feasibility of
AVP for performing medical precision tasks that require visua
perception of the real world. The main goal of this study isto
evaluate the feasibility of the devices and their underlying
technology without any bias from specific applications. This
work contributes to understanding the impact of device choice
on user performance by examining both objective performance
metrics and subjective measures of user experience. To achieve
this, we designed a controlled user study involving 20 health
care professionals, comparing AV P against a baseline (without
an HMD) and an extensively used MR glass in the medical
domain [14-22,24,25,28], MHL2, for performing 3 different
suturing techniques. Our evaluation included both quantitative
data, including the system usability score, task completion time
(TCT), suturing performance, cognitive load, VR simulation
sickness, and presence score, aswell asqualitative data gathered
through interviews.

Methods

Study Design and Protocol

This study adopts mixed methods research methodology,
combining both quantitative and qualitative data collection
approaches. Threeinterventions were designed, corresponding
to the 3 conditions of the study: baseline (no HMD), MHL2,
and AVP. The baseline (no HMD) condition was included to
serve as areference point for evaluating the effects of the other
interventions. MHL 2 was used due to its extensive prior usein
themedical domain. A within-subject design was used, meaning
that each participant participated in all studied interventions.
The order of participation in each intervention was
counterbalanced to mitigate potential order bias.

The study began with an introduction phase involving obtaining
informed consent and an introduction to the study tasks from
al participants. Following consent, the entire session was
recorded using 2 cameras, one egocentric and one exocentric,
with front-facing views. Later, participants were randomly
assigned to 1 of 6 possible orders for performing the 3
interventions (baseline, MHL2, and AVP). Prior to task
execution, participants completed 2 questionnaires on
demographics and affinity for technology interaction [29].

Following completion of the preparation and order assignment,
the experiment task began. During this stage, participants were
asked to perform the same study task, which involved working
with 3 different suture types, for each intervention. Prior to
performing the study task with AVP and MHL2, calibration
procedures were conducted. For MHL2, only eye calibration
was performed. For AVP, both eye and hand calibration were
performed to address any potential issues arising from lens
misalignment or visual discrepancies.

After completing the task for each intervention, photographs of
the participants' performance using the suturing kit were
captured for subsequent evaluation. Additionally, web-based
guestionnaires were administered to eval uate key factorsrelated
to the user experience. Cognitive workload was assessed using
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NASA Task Load Index (NASA-TLX) [30], VR-induced
sickness was measured with the virtual reality sickness
guestionnaire (VRSQ) [31], and the sense of presence in the
digital environment was evaluated using the presence
questionnaire (PQ) [32]. Furthermore, for arapid and reliable
assessment of new health care technologies [33], UMUX-Lite
guestionnaire was used. System usability score was then
predicted using aregression equation based onthe2 UMUX-Lite
items [34]. The order of questions was presented in a random
order for each participant. After completing the task for the
baseline condition (without an HMD), participants completed
only the NASA-TLX [30]. Following the MHL2 and AVP
interventions, participants filled out the NASA-TLX, VRSQ,
PQ, and UMUX-Lite.

Finally, at the end of each session, a researcher conducted a
short semistructured interview with the participants, asking
them to reflect on their experience with each device. The
interview questions encapsulated aspects including comfort,
self-performance evaluation, pros and cons, and potential use
Cases.

After al data recording sessions were completed, the TCTs
were extracted from the recorded videos. A researcher, who
was blinded to the study’s aims, measured the TCT for each
suture performed by every participant. To ensure an objective
evaluation of thetime spent solely on suturing, TCT wasdefined
asthe duration from the moment the needle was grasped by the
needle holder until the knot was cut with scissors. Additionally,
5 surgeons (7.2 [SD 1.7] years of surgical experience), who
were also unaware of the study aims, evaluated suture
performance based on anonymized photographs of performed
sutures. All of the captured photographs of participants
performed sutureswere presented in arandom order to evaluator
surgeons using a custom visuaization tool. They rated the
performance of each suture type separately on a scale of 0 to
100, considering factors such asthe overall effectiveness of the
suture, bite (length of the stitch across the wound), pitch
(interval between stitches), and cosmetic appearance [35].

Javaheri et a

Study Task

To assess the feasibility of using AVP while performing
precision-dependent medical applications and compare it with
MHL2 and baseline (no HMD), we designed a controlled user
study task that incorporates performing different suture
techniques. Since the main goal of this study was to evaluate
the usahility of the device and its underlying technol ogy without
any bias from specific applications, no digital information was
displayed in the HMDs used in this study (AVP and MHL2).
The participants were instructed to perform the suturing task
either using one of the HMDs or without any HMD in the
baseline condition. This approach is particularly important for
delicate tasks requiring fine motor control and precision in
real-world applications such as surgery, where the deviceitself
may affect task performance regardless of the usability of the
XR application used. By isolating the device from
application-related factors, this ensured an unbiased assessment
of its usahility, preventing findings from being influenced by
app design or content. The study included 3 types of sutures,
each requiring progressively more complex techniques, ranging
from basic to advanced. The simple interrupted suture (SIS,
Figure 1A) was selected as the simplest task, while the vertical
mattress suture (VMS, Figure 1B) and continuous subcuticular
suture (CSS, Figure 1C) were chosen for their complexity. These
techniques rely on correct depth perception, as they involve
inserting a suturing needleinto a specific layer of the skin[35],
making themideal for evaluating users’ ability to perceive depth
in asimulated environment.

A suture training kit [36] was used as the base for performing
the sutures. All participants were asked to complete 3 SIS, 3
VMS, and close a5 cm long wound on the suturing kit using a
CSS for each intervention. All sutures were performed using
3 -0 polypropylene [37] and the same clinical surgical
instruments, including needle holder, tweezers, and scissors
(Figure 2). To minimize potential biasin TCTsdueto thelength
of the suture material, each suture type was performed with a
new suture material.

Figure 1. Theillustration of 3 suture typesincluded in the study task: (A) simple interrupted suture, (B) vertical mattress suture, and (C) continuous

subcuticular suture.

o 4 ;\ T J) > €
/— 4 Z1% /x/) J-_\\
g > \ g —

(A)

https://xr.jmir.org/2025/1/€73574

(B)

JMIR XR Spatial Comput 2025 | vol. 2 | €73574 | p.258
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

Javaheri et a

Figure 2. The suture training kit used during study tasks containing a silicone suture pad and instruments.

Participant Recruitment

Recruitment was conducted through word-of-mouth and
advertisementsviamail. The experiment took place at Klinikum
Saarbriicken, Germany. Participation was entirely voluntary,
and no compensation was provided.

Theinclusion criteriafor participants required that they be health
care professionals with prior experience in performing wound
suturing on patients. Additionally, the study limited participation
to individuals without vision disorders or those with minor
refractive errors, who could complete the study tasks without
eyeglasses. To minimize bias, participantswith minor refractive
errorswho typically used eyeglasseswereinstructed to perform
all tasks without glasses across all interventions.

Statistical Analysis

Sampl e size cal cul ation was performed using the power analysis
tool G*Power [38]. Sincethereis no previouswork comparing
participants’ performance using the AVP against MHL2 and
baseline, we hypothesized a large between-group effect size
(Cohenf) of 0.40 based on personal experience. Thisassumption
was used to calculate the required sample size. With a power
of 1-3=.95 and a=.05, the required sample size was cal culated
to be 18 participants. To account for 10% potential dropouts,
weincluded atotal of 20 participantsin the study.

Statistical analysis was conducted using the R project for
statistical computing [39]. Continuous data were expressed as
means (SD), while categorical datawere reported as frequencies
and proportions. The effects of the interventions (baseline,

https://xr.jmir.org/2025/1/€73574

RenderX

N\

| \

MHL2, and AVP) were analyzed within-subject using
repeated-measures ANOVA. When the assumption of sphericity
was violated, the Greenhouse-Geisser (€<.75) correction was
applied. For the repeated measures ANOVA, we reported the
F-statistic, degrees of freedom, P value, and generalized eta
squared (NG2) asameasure of effect size. For post hoc pairwise
comparisons, we conducted paired-samples t tests with
Bonferroni correction for multiple within-group comparisons
and reported the adjusted P values along with Cohen d to
indicate effect size. A 2-sided P value of <.05 was considered
statistically significant for al analyses. Furthermore, the
inter-rater agreement of the performance scores by 5 evaluator
surgeonswas confirmed using the rwG(J) agreement index [40].

Qualitative Analysis

All interviews conducted in this project were transcribed
verbatim. We adopted a pragmatic approach to qualitative
analysis, as recommended by Blandford et a [41]. Initiadly, 2
researchers independently analyzed the same 25% of the data.
Based oniterative discussions, apreliminary coding framework
was developed. The remaining 75% of the interview datawere
then evenly distributed between the 2 researchers for coding
using the established coding framework. To further ensure the
consistency between final codings in case of new code
emergence or coding disagreements, in a final discussion, the
coding framework was further refined, leading to the
development of the main themes.
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Ethical Consider ations

Before conducting the study, ethics approval was obtained from
the ingtitutional ethical review board of the German Research
Center for Artificial Intelligence (DFKI, IRB approval number:
VST — 48/25). All participants received comprehensive
information about the objectives and data handling involved in
this study. Data collection only proceeded after obtaining their
voluntary informed consent. All participants were assured that
their contributions would remain anonymous and were offered
the opportunity to withdraw from the study at any stage prior

Table. Demographics of study participants.

Javaheri et a

to publication. All data were stored securely at the DFKI local
server. Each participant signed a written consent form. No
financial compensation was offered or provided.

Results

Study Population and Demogr aphics

In total, 20 health care professionals participated in this study.
The demographic characteristics of the participants are detailed
in Table 1.

Characteristics Value
Gender, n (%)

Man 14 (70)

Woman 6 (30)
Age (years), mean (SD) 33.65 (7.60)
Occupation, n (%)

Surgeon 15 (75)

Physician assistant 1(5)

Medica intern 4 (20)
Participants with minor refractive errors, n (%) 6 (30)
Clinica experience (years), mean (SD) 7.8 (6.45)
Prior use of OSTAHMD<? (1 - 5 Likert scale), mean (SD) 18(0.93)
Prior use of VST® HMDs (1 - 5 Likert scale), mean (SD) 135(0.63)
Affinity for technology interaction (1 - 6 Likert scal€), mean (SD) 3.83(0.79)

30ST: optical see-through.
PHMD: head-mounted display.
®VST: video-see-through.

User Performance

Suturing Performance

The 5 surgeons evaluation scores of participants suture
performances showed high agreement, with an rwG(J) value
greater than 0.99 across the suture types. The analysis on

https://xr.jmir.org/2025/1/€73574
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participants average suture performance revealed no significant
differences across interventions (baseline=73.8 [SD 13.5],
AVP=74.5[SD 10.0], MHL2=75.3[SD 9.7], F, 35=0.28, P=.76,
nG2=0.003). Despite the worsened performance with AVP for
all suture types, no significant differences were observed
between interventions for any suture type (Figure 3).
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Figure 3. The participants' suturing performance rated by surgeons across different suture types. AVP: Apple Vision Pro; CSS: continuous subcuticular
suture; MHL: Microsoft HoloLens; SIS: simple interrupted suture; VMS: vertical mattress suture.
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Task Completion Time

The analysis revedled a significant difference in the TCT
required to complete al tasks across the interventions
(baseline=472.0 [SD 143.0] s, AVP=570.0 [SD 192.0] s,
MHL2=456.0 [SD 120.0] s, F, 33=17.6, P<.001, nG2=0.101).
Pairwise test results showed participants took significantly
longer to complete the entire task using AVPto MHL2 (P<.001,
Cohen d=1.02, large effect) and baseline (P<.001, Cohen
d=1.03, large effect). The comparison between baseline and
MHL 2 showed a small effect size (P=.30, Cohen d=0.2, small
effect), suggesting minimal difference.

Analysis performed on TCT for each individual suture type
(Figure 4) revealed that there were no significant differencesin
the time required to perform SIS across the interventions
(baseline=122.2 [SD 489] s, AVP=139.8 [SD 76] s,
MHL2=117.5 [SD 37.5] s; Fy4 270=3.67, P=.05, NG2=0.03).
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However, a significant difference was observed for more
complex tasks, VM S (baseline=166.8 [SD 64.2] s, AVP =195.9
[SD 79.6] s, MHL2=161.2 [SD 63.4] s; F; 5 235=9.66, P=.001,
NG2=0.048) and CSS (baseline=182.9[SD 59.1] s, AVP=234.7
[SD 83.6] s, MHL2=177.0[SD 52.8] s, Fy 4 573=11.7, P<.001,
nG2=0.138).

Pairwise test results showed participants required significantly
more time to complete VM S using AV P compared with MHL 2
(P<.001, Cohen d=1.0, large effect) and baseline (P=.04, Cohen
d=0.6, moderate effect). The comparison between baseline and
MHL 2 showed no significant difference (P=.99, Cohen d=0.2,
negligible effect).

Similarly, for CSS, asignificantly longer time was needed when
using AVP compared with MHL2 (P=.007, Cohen d=0.8,
moderate effect) and baseline (P=.002, Cohen d=0.9, large
effect). No significant difference was observed between baseline
and MHL 2 (P=.99, Cohen d=0.1, negligible effect).
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Figure4. Participants TCTsacrossdifferent suturetypes. Statistically significant differences are denoted asfollows: * P<.05, **P<.01, and *** P<.001.
AVP: Apple Vision Pro; CSS: continuous subcuticular suture; MHL: Microsoft HoloLens; SIS: ssimple interrupted suture; TCT: task completion time;

VMS: vertical mattress suture.
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Cognitive Workload

The analysis revealed a significant difference in the total raw
NASA-TLX score across the interventions (baseline=19.1 [SD
15.1], AVP=439 [SD 15.9], MHL2=21.5 [SD 13.8]; F,
21.9=28.6 P<.001, nG2=0.37). The pairwise test results showed
the total raw NASA-TLX score among participants was
significantly higher for AVP compared with MHL2 (P<.001,
Cohen d=1.2, large effect) and baseline (P<.001, Cohen d=1.3,
large effect). No significant difference was observed between
baselineand MHL 2 (P=.30, Cohen d=—-0.401, negligible effect).

Anaysis on each scale of NASA-TLX showed significant
differences on mental demand (baseline=20.2 [SD 18.0],
AVP=46.0 [SD 22.9], MHL2=23.75 [SD 18.6]; F;, »g=21.1,

P<.001, nG2=0.256), physical demand (baseline=17.2 [SD
17.3], AVP =46.0 [SD 25.0], MHL2=19.2 [SD 14.3]; Fy;

213=22.4, P<.001, nG2=0.324), performance (baseline =18.2
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[SD 16.5], AVP=45.5[SD 21.2], MHL2=20.7 [SD 16.6]; F; ,,
»=3.6, P<.001, nG2=0.3), effort (baseline=24.5 [SD 23.4],
AVP =56.0 [SD 20.0], MHL2=28.0 [SD 18.0]; Fy 3 245=23.4,
P<.001, nG2 =0.3), and frustration (baseline=12.25[SD 11.7],
AVP=435 [SD 23.4], MHL2=15 [SD 121]; F;; »=26.1,
P<.001, nG2=0.4) factors. Pairwise analysis showed
significantly higher scores for AVP compared with MHL2 for
mental demand (P<.01, Cohen d=1.0, large effect), physical
demand (P<.001, Cohen d=1.2, large effect), performance
(P<.001, Cohen d=1.0, large effect), effort (P<.001, Cohen
d=1.1, large effect), and frustration (P<.001, Cohen d=1.1, large
effect). Similarly, significant differences were observed for
AV P compared with baseline on mental demand (P<.001, Cohen
d=1.1, large effect), physical demand (P<.001, Cohen d=1.0,
large effect), performance (P<.001, Cohen d=1.1, large effect),
effort (P<.001, Cohen d=1.1, large effect), and frustration
(P<.001, Cohen d=1.2, large effect). No significant difference
was observed between MHL2 and basdline on any of the
NASA-TLX factors (Figure 5).

JMIR XR Spatial Comput 2025 | vol. 2 | €73574 | p.262
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

Javaheri et a

Figure5. NASA-TLX results for each factor (mental demand, physical demand, temporal demand, performance, effort, and frustration) across the 3
interventions. Statistically significant differences are denoted asfollows: * P<.01, ** P<.001, and *** P<.0001. AVP: Apple Vision Pro; MHL: Microsoft

HoloLens; NASA-TLX: NASA Task Load Index.
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and disorientation (AVP=58[SD 19.0], MHL2=39.3[SD 9.15];
Presence

Theanaysisof PQ demonstrated a significantly higher presence
score (AVP=93.7 [SD 12.7], MHL2=115.0 [SD 11.4]; F;
19=27.9, P<.001, nG2=0.4) for MHL2 compared with AVP.
This significant difference was observed in al factors of
presence including the redism (AVP=34.2 [SD 4.9],
MHL2=41.0[SD 5.3]; F; 19=17.2, P<.001, NG2=0.3), possibility
to act (AVP=20.6 [SD 3.5], MHL2=25.5[SD 2.8]; F; 14=19.8,
P<.001, nG2=0.4), quality of interface (AVP=14.8 [SD 3.5],
MHL2=18[SD 3.0]; Fy, 14=19.7, P<.001, nG2=0.2), possibility
to examine (AVP=13.9 [SD 3.6], MHL2=18.3 [SD 2.3]; F;,
19=20.1, P<.001, NG2=0.4), and self-evaluation of performance
(AVP=10.2[SD 2.8], MHL2=12.2 [SD 2.0]; F; 19=5.5, P=.03,
nG2=0.1).

VR Sickness

The overal VRSQ score (AVP=66.9 [SD 19.8], MHL2=41.1
[SD 9.32]; Fy 15=46.7, P<.001, nG2=0.4) was a so significantly
higher for AVP compared with MHL 2. The participants rated
significantly higher scores on both oculomotor (AVP=75.8 [SD
22.9], MHL2=42.9 [SD 12.8]; F; 19=69.8 P<.001, nG2=0.4)
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F1, 10=18.9, P<.001, nG20.3) factors for AVP compared with
MHL2.

System Usability
System usability score for MHL2 was significantly higher

compared with AVP (AVP=50.3 [SD 14.4], MHL2=72.7 [SD
8.54]; F; 14=34.4, P<.001, nG2=0.5).

I nterviews

Overview

After thematic analysis of theinterviews, we developed 5 main
themes: comfort and physical strain, visual challengesand depth
perception, self-evaluation of performance, user confidence and
preference, and application domain.

Comfort and Physical Strain

Thematic analysis of observations made during the study
revealed several comfort-related issues associated with AVP.
Participants reported discomfort due to the unbalanced weight
distribution, with the majority of the weight concentrated on
the nasal and maxillary area, leading to strain in the back neck

JMIR XR Spatial Comput 2025 | vol. 2 | €73574 | p.263
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR XR AND SPATIAL COMPUTING (JMXR)

muscles and headaches. Two participants commented on this
with the following statements:

When you look straight it is more convenient but when
you bend your head to look at the stitch pad which |
think would be the normal case when you operate
around thetable, thenit istoo uncomfortable, because
the whole weight is in front and there is a constant
contraction on your neck. [P9, surgeon]

| usually get VR sicknesswhenever | use VR headsets.
| tested AVP before and previously didn’t have any
i ssueswhen watching videos and so on, but here| got
a very bad headache because | think | tried too much
to focus and finish my task. [P1, surgeon]

Additionally, they described a sensation of instability when
focusing on atask for an extended period, expressing that it felt
as though their head might fall forward.

It [AVP] isvery heavy and after a while you feel like
your head would fall down if you don’t consistently
fight it. And | can assure you it was a relief to take it
out. [P13, surgeon]

In contrast, no incidents of discomfort were observed with
MHL?2 for the period the participants used MHL2 for the
experiment. One of the participantsal so indicated that thedesign
of MHL 2 ismore comfortable and suited for usein the operating
room compared with AVP.

We didn't useit here, but | guess with HoloLens you
have al so this option where you could push the visor
up or down based on what you want to see but with
AVP you don't even have that option. You just have
to take it off completely. And it is just not practical
to use it during operation if you have to take it off
every time. [P1, surgeon]

Visual Challenges and Depth Perception

Participants also experienced visual challenges with AVPR,
including blurred vision and difficulties with depth perception.
The struggle with depth perception further impacted their ability
to accurately judge distances, which is critical for suturing.

My vision felt a bit blurry; | could not see the details
| had difficulties to see the needle and also to do the
knots. [P12, surgeon]

For the first two sutures AVP was also ok but for the
last suture type you have to really see where you put
your needlein and that was simply impossible to make
sure you are in the correct layer. [P11, physician
assistant]

| don’t think that my hand and eye coordination was
disturbed, but it was very difficult to estimate the
depth, therewaslike less contrast compared to reality.
[P4, surgeon]

Participants a so reported that the sharpness of the view varied
depending on the distance of the objects from them. Some noted
that maintaining a greater distance provided a sharper view;
however, thiswas not ideal for delicate tasks, as they naturally
tended to lean in for a closer observation and better precision.
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| could see things clearly farther than one meter to
me. | could even read small letters, but when | 1ooked
at the stitching pad which was closer to me then it
became blurry. And got even blurrier when | was
leaning closer to it to do the stitches. Which usually
you should see better when you get closer, but it just
made it worse. [P13, surgeon]

Self-Evaluation of Performance

Some participants believed that AV P negatively impacted their
performance compared with MHL2 and baseline.

| used AVP before, but | only used it to watch videos,
andinitially | thought AVP would be better compared
to HoloLens, but it was a complete catastrophe. |
almost saw nothing. Yes, | did sutures from
experience, but it was a complete guess work
especially for the last suture type. [P, surgeon]

Naturally you realize a difference between no glass
and having glass for both devices. But the difference
was simply too much for AVP that | think it really
impacted my performance. [P11, physician assistant]

The HoloLens was not a big influence in my
performance compared to performing without one it
felt like having a light shaded sunglass on. If you look
through the screen the vision is a bit darker but
doesn’'t make your performance worse. AVP is very
immersive but for precise work like stitches it's not
fast enough and the resolution is not optimal. [P4,
surgeon]

User Confidence and Preference

Participants expressed a preference for OST over VST. They
reported that VST created a sense of disconnection from the
real world, which was also evident in the lower presence score
compared with OST. They reported that in rea-life scenarios
involving patients, it would impact their confidence. In contrast,
OST allowed them to maintain situational awareness and benefit
from a wider peripheral vision, enhancing their overall
experience and performance. Participants reflected on this,
saying:
With HoloLens| felt more secure, because | think my
peripheral vision was not affected that much but in
AVP even though you still see but you have more
restricted peripherals. [P2, surgeon]
| think optimally the best is no glass but if | should
choose, | think when you talk to a patient or your
colleagues around the surgery tableit feelsjust more
natural to have eye contact even if it is through a
glass like this [showing MHLZ2]. It is better than
having a big headset on your face where no one can
seeyour eyesin there. Itisjust more assuring with a
see-through glass than a completely closed one
[AVP]. [P18, surgeon]

Application Domain

The participants regarded MHL 2 as a usable device for various
medical applications, including applications for intraoperative
use. However, they believed that AVP would be more suitable
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for domains such as training or surgical planning, where the
device would not be used during actual patient operations.

| think both devices could be used for medical domain,

but | won't feel comfortable operating with the first

one [AVP]. | think it isrisky if you operate on veins

or arteries. | don't want to take any risk when

operating on a patient. [P2, surgeon]

| see HoloLens as a usable device during operation,

it won't stress you, but AVP would be a better fit for

training or teaching or perhaps surgery planning.

[P8, surgeon]
A participant al so suggested that AV P could be used for surgical
applications, such as laparoscopic surgery, where the surgical
field is already viewed through high-resolution video.

I think AVP would be useful for laparoscopic surgery
where your view to the operation scene is already
through a video and with AVP you can have this
high-quality video stream. [P1, surgeon]

Discussion

Overview

With advancementsin computational power, cameratechnol ogy,
and display systems, a noticeable trend is emerging in
commercially produced HMDs. Manufacturersareincreasingly
shifting from dedicated AR and VR HMDs toward XR HMDs
capable of supporting both functionalities. This transition is
also evident in the evolution of recent HMDs developed by
well-known brands, such as Apple [3] and Meta [42], which
use VST displays, in contrast to earlier designslike Microsoft’'s
HoloLens[13], which relied on OST technology. Although this
transition is expected to bring advantages beyond simply
combining AR and VR, such as a wider field of view, higher
cameraquality, brightness control, and ultimately more precise
spatial registration of digital objects, its feasibility in domains
requiring high precision, such as intraoperative use, remains
untested. Despite the foreseen potential benefitsthat recent XR
glasses could bring to the medical domain [4,5,12], their
feasibility in high-precision medical applications remained an
open question. While most related studies focus on evaluating
specific immersive applications within this domain [7,28,43],
the choice of used devicesis often driven by market trendsrather
than a critical assessment of their suitability for the intended
use. Although some studies have compared the technical
capabilitiesof different HMDs, including VST and OST design
[44-46], they often overlook user experience and performance
outcomes.

Thefindings of this study underscore the importance of device
selection, particularly in time-sensitive and precision-dependent
medical contexts. As progressively moreimmersive HMDs are
being produced, our results demonstrate that the appropriateness
of the chosen device itself plays a pivotal role in the user’'s
real-world performance—even before any application is
introduced. Neglecting to assess the suitability of the device as
an initial step may contribute to the negative user experience
and delayed integration of immersive technologies in clinical
settings, as the hardware itself may be ill-suited for the
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domain—even when the application might offer substantial
potential benefits.

Principal Results

In this study, we evaluated the feasibility of AVP (the most
recent and promising XR HMD for the medical domain [10,12])
with MHL2, the commonly used MR HMD in the medical
domain for precision tasks [14-22,24,25,28]. Twenty health
care professionals participated in the study, performing suture
tasks under 3 conditions: AVP, MHL 2, and abaseline condition
without an HMD. We evaluated user performance and
experience across these conditions. Post hoc analysis of the
primary outcome measures revealed alarge observed effect size
between AVP, MHL2, and the baseline, suggesting that the
sample size (n=20) was adequate and confirming the validity
of our initial power analysis. Our findings highlight the distinct
strengths of each HM D, suggesting their suitability for different
medical use cases.

A key observation from our study was the significant increase
in cognitive load when using AVP compared with MHL2 and
the baseline condition. This higher cognitive burden was
accompanied by increased TCTSs, indicating that AV P demands
agreater cognitive workload from users. Interestingly, despite
these challenges, objective performance evaluations did not
show significant differences acrosstheinterventions. However,
participants’ self-reported performance, as captured in the PQ,
indicated a significant decline compared with MHL2. This
divergence between expert-assessed performance scores and
self-evaluations may reflect a reduction in participants
confidence in their task performance, a sentiment that was also
echoed in the interview responses.

These findings suggest that AV P remains a feasible option for
non-time-sensitive medical domains where cognitive workload
and TCT arenot critical factors, such asasurgical planning tool
demonstrated by Olexa et a [7], where there is no trade-off
between the benefits of the used application and the need for
real-world precision and speed.

Moreover, AVP potentially stands as a feasible device for
medical education and training, incorporating virtual reality
simulationswhereinteraction with digital elementsisprioritized
over real-world precision. However, the usability of AVPwhile
training precision tasks in the real world might be limited. A
participant’s sentiment on performing sutures from experience
instead of relying on their visua perceptions indicates that
training real-world precision tasks with AVP could potentially
cause negative impacts on the learning process. A device that
inadvertently increases cognitive demand or induces
disorientation, as observed with AVP (Figure 5), might lead to
suboptimal  skill acquisition, potentially compromising the
training outcomes. In educational contexts, the choice of XR
technology can significantly influence learning behavior.
Although positive outcomes have been demonstrated in
nonmedical areas such as design education [47] over
nonimmersive devices, the choice of immersive devices should
still be carefully considered in educational settings, particularly
those that emphasize psychomotor skills. An educational XR
system that imposes excessive cognitive workload or fails to
foster a strong sense of presence may lead to the devel opment
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of maladaptive motor patterns or “incorrect” muscle memory,
ultimately impacting long-term real-world performance.

Furthermore, AVP could serve as a practical solution for
applications where direct rea-world perception is either not
required or istransmitted to the deviceinstead of being captured
by it, such as in telemedicine. Similarly, in fields where user
presence is essential but critical information is traditionally
delivered through digital interfaces, like laparoscopic surgery,
where surgeons view the operative field on a 2D monitor, the
potential of AVP could be further explored and leveraged.
However, for use cases that involve fine motor tasks, such as
those suggested by previous works including medical training
scenarios [10,48] or in more critical applications such as
intraoperative support tools [48], the increased workload and
disorientation associated with AV P might hinder user real-world
performance. Conversely, MHL2 demonstrated its suitability
for applications requiring high precision and time efficiency.
Its OST design allowed for a lower cognitive load and better
user experience during the suturing task, with no significant
differenceswhen compared with the baseline. Thisunderscores
its potential for intraoperative use cases, such as surgical
navigation and other real-time assistance tools, where
maintaining a strong connection to the real world is critical.

Unlike the findings of the study by Olexa et a [7], where
participants reported minimal eye strain or fatigue, our
guestionnaire responses on VR sickness indicated heightened
oculomotor strain and disorientation with AV P. Thisdiscrepancy
could be attributed to differences in user attention directed
toward digital versus real-world objects. In the study by Olexa
et al [7], users primarily focused on digital objects, whereasin
our study, the main focus was on real-world perception. This
phenomenon was also corroborated by one of our participants,
who had prior experience using AVP. In our study, participants
frequently  reported that AVP caused physica
discomfort—including eye strain, headaches, and neck
fatigue—as well as visual challenges such as blurriness,
difficulty focusing, and disorientation during head movement.
These sensory and ergonomic limitations often led to reduced
task confidence and greater reliance on prior experience or
instinct rather than real-time visual feedback. In contrast, MHL 2
was consistently described as lightweight, comfortable, and
minimally intrusive, with clearer visua output and fewer
disruptions to the user’'s natural workflow. Such qualitative
insights underscorethe critical role of comfort and visual clarity
in sustaining task engagement and motor coordination over
time. These human-centered considerations are especialy
relevant in domainswhere extended use or precision isessential.
AVP, in its current form with display quality and ergonomic
constraints, may be more suitable for fully immersive VR
applications rather than AR/MR-integrated medica use,
particularly for shorter durations. In contrast, MHL2
demonstrated lower VR sickness scores, attributed to its OST
design, along with a more balanced weight distribution and
higher presence scores. Thesefeatures position MHL 2 as better
optimized for applications requiring extended use periods and
seamless real-world connectivity.
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The findings of this study highlight several factors that could
inform the future design of XR and MR devicesfor the medical
domain. While generalizability remains a goa for widespread
adoption across diverse medical applications, custom designs
may be more appropriate for time-critical use cases, such as
surgical navigation systems. The optimal approach may vary
depending on the method used to visualize the surgical scene,
whether open surgery, laparoscopic, or robotic-assisted
procedures. For open surgery, OST displays could provide
distinct advantages by preserving aclear view of thereal world
and facilitating seaml ess communication with the surgical team.
Conversely, in scenariosinvolving indirect surgical views, such
as laparoscopic procedures, VST HMDs might offer greater
benefits. Furthermore, the future integration of VST HMDsin
precision-demanding applications requires high-quality camera
feed from areal-world environment; challenges such as camera
focus issues, which result in blurring of the real-world video
stream, can significantly hinder the usability of these devices
in tasks requiring precision. Finally, ensuring comfort during
extended use is critical for intraoperative tools. Features such
as balanced weight distribution, antimicrobial coatings, and
easy-to-clean surfaces would further facilitate smoother
integration into clinical workflows.

Limitations

While this study provides valuable insights, it also has several
limitations. First, wefocused solely on evaluating the feasibility
of AVPfor medical precision tasksand compared the outcomes
with MHL 2 asarepresentative example of existing MR devices,
given its extensive prior use in the medical domain. To further
validate the generalizability of our findings regarding
comparisons between various VST and OST displays, additional
research involving other available HMDsis necessary. Second,
our study included only participantswith no or minor refractive
errors who were able to complete the tasks without eyeglasses.
To minimize bias, the 6 participantswith minor refractive errors
were asked to perform all tasks across all interventions without
wearing eyeglasses. Although it is possible to wear eyeglasses
with MHL 2, this approach was not feasible for AVP due to its
design. While there is an option to integrate correction lenses
into AVP, customizing lenses for each participant was
impractical and not feasible. Finally, while AVP is expected to
enhancethe display of digital objects, no digital elementswere
incorporated into the study tasks, as this was beyond the scope
of our research. Our primary objective was to assess the saf ety
and feasibility of AVP asaVST-HMD for performing medical
precision tasks.

Conclusions

In conclusion, while AV P shows promise for non-time-sensitive
applications that do not have an emphasis on real-world
perception, MHL 2 remainsthe preferred choicefor time-critical
and precision-demanding tasks. Further research and device
refinements will be necessary to fully integrate XR HMDsinto
diverse medical applications, ensuring both user comfort and
operational efficiency.
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