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Background: Extended reality (XR) technologies, which generally encompass
virtual, augmented, and mixed reality, and realized through head-mounted
devices, have been increasingly adopted to support Emergency Medical Services
(EMS) training.

Objective: The objective of this review is to synthesize the current applications
of immersive technologies in EMS training.

Methods: A systematic review was conducted following the Preferred Reporting
ltems for Systematic Reviews and Meta-Analysis (PRISMA) framework. The
studies were analyzed based on their objectives, methods, major findings,
implemented technologies, and reported benefits and barriers.

Results: The majority of reviewed studies used virtual reality (VR) technologies
for EMS training. Key system features identified as effective included
interactive user interfaces, task performance recording, monitoring and
feedback, scenario editor and control, realism and presence, and multi-user
collaboration. The studies primarily assessed four aspects of the implemented
immersive technologies: technical feasibility, training effectiveness (e.g.,
clinical performance, knowledge acquisition), cost-effectiveness (e.g., cost
savings, business models), and user experience (e.g., immersion, presence,
cognitive load, usability, acceptance). Notable benefits highlighted included
enhanced engagement, accessibility, cost-efficiency, standardization,
and teamwork. Despite these advantages, challenges persist, which are
categorized as ergonomic and human factor issues, usability problems, and
technical limitations.

Conclusion: Immersive technologies have demonstrated significant potential to
enhance EMS training by improving skill acquisition and readiness for high-stakes
scenarios, such as massive casualty incidents or disasters. However, research
in this area remains limited, requiring further investigation to address persistent
challenges and optimize implementation.

KEYWORDS

immersive technology, head-mounted display, emergency medical services, simulation,
medical training

Introduction

Emergency medical services (EMS) clinicians operate in highly dynamic prehospital
environments where rapid decision-making, precise interventions, and effective teamwork
are essential (1). As the first point of contact for critically ill or injured patients, EMS
clinicians must be well-versed in protocols, possess the necessary clinical expertise, and
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effectively manage the emotional challenges of high-pressure
situations. Moreover, EMS clinicians face low-frequency, high-
stakes emergency scenarios from time to time, such as natural
disasters and major accidents (2, 3). Thus, providing effective
training is critical to adequately prepare EMS clinicians for these
demanding tasks.

Traditional EMS training methods, including tabletop exercises
and high-fidelity simulations, are valuable for fostering knowledge,
competence, and confidence among EMS clinicians (4, 5). However,
these approaches face significant limitations as they not only
require access to costly simulators, expert personnel, and dedicated
physical spaces (e.g., simulation rooms) but also fail to replicate the
full range of diverse clinical practice environments (6, 7). These
barriers make traditional EMS training expensive and impractical
to conduct on a regular basis, potentially leading to the decay of
EMS clinicians’ skills and competencies without repeated, hands-
on training opportunities (8). Addressing these challenges is crucial
to ensure that EMS clinicians are consistently prepared to deliver
optimal care in high-stakes scenarios.

In recent years, there has been a growing trend in using
extended reality (XR) technologies to support training in
emergency medicine (9-12). XR encompasses virtual reality (VR),
augmented reality (AR), and mixed reality (MR). Specifically, VR
allows users to fully immerse themselves in a virtual environment,
while AR technology overlays digital elements onto real-world
environments. MR technology, on the other hand, not only overlays
digital elements but also enables users to interact seamlessly with
physical and digital components. In this paper, we collectively refer
to these technologies as XR.

XR technology is often implemented through head-mounted
displays (HMDs) such as headsets. By leveraging XR-based HMDs,
EMS clinicians can engage in safe yet visually immersive and
interactive learning environment, eliminating adverse effects on
patients and minimizing direct risks to participants (10). These
technologies also offer a cost-effective, scalable alternative to
traditional training methods as they enable repeated practice by
overcoming the logistical and financial challenges associated with
high-fidelity simulations (13, 14). With these innovative tools, EMS
clinicians can refine their skills, acquire new knowledge, improve
retention, and ultimately be better prepared for the increasingly
technologically advanced workplace (10, 15).

Despite the growing interest in using XR technologies for EMS
training, there remains a lack of comprehensive understanding
regarding their applications, effectiveness, and challenges. Previous
reviews have either broadly focused on emergency medicine, with
much of the reviewed literature centering on training for hospital-
based emergency department (ED) clinicians (9, 11), or have a
narrow focus on specific technology such as AR (12). To address
this gap, a systematic review of the literature was conducted to
synthesize insights from existing studies to provide a roadmap
for future research and offer practical guidance for leveraging XR-
based HMDs to enhance EMS training outcomes and preparedness.

Abbreviations: EMS, emergency medical service; MCls, mass casualty
incidents; XR, extended reality; VR, virtual reality; AR, augmented reality; MR,
mixed reality; HMDs, head-mounted displays; LLM, large language models.
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Through this systematic review, we aim to answer the following
research questions (RQs):

e RQI: How are XR-based HMDs used in EMS training? This
question examines the major use cases, as well as the types and
features of XR technologies employed in EMS training.

e RQ2: What tools and metrics are used to evaluate the XR-
based training? This question explores the methodologies and
tools utilized to evaluate the XR technologies in EMS training.

e RQ3: What are the perceived benefits and challenges of
using XR technology in EMS training? This question
aims to uncover the advantages and limitations associated
with adopting XR technology for EMS training from the
perspectives of stakeholders.

Methods

Literature search

We conducted a comprehensive literature search to ensure a
thorough exploration of relevant studies on XR technology for
EMS training. The search was performed across five databases
spanning healthcare and computer science domains: Medline
via EBSCO, Cochrane Library, PubMed, ACM Digital Library,
and IEEE Xplore. In collaboration with a research librarian, we
developed a search strategy using two sets of keywords: one
targeting XR technology and the other focused on the emergency
medical services context. The keywords used are presented in
Table 1. The search was limited to articles published between
January 2000 and September 2024 in peer-reviewed journals and
conference proceedings. Only articles written in English were
included. Literature reviews, dissertations, posters, and extended
abstracts were excluded. We managed all retrieved citations using
EndNote (Version 20) for effective organization. The retrieved
records for each database and a sample search strategy are
presented in Table 1.

Article screening and selection

The selection process followed the Preferred Reporting Items
for Systematic Reviews and Meta-Analysis (PRISMA) (16). Figure 1
provides an overview of the records identified, included, and
excluded during each stage. The inclusion and exclusion criteria are
presented in Table 2.

The database search yielded 1,077 articles. After removing
duplications, 538 records remained for further screening. Articles
were screened based on their relevance to the study focus.
Two reviewers (AI, MMM) independently assessed the titles
and abstracts against predefined inclusion criteria (Table 2).
Title screening excluded 424 records, leaving 114 articles
for abstract review. Abstract screening led to the exclusion
of 56 additional records. Finally, full-text reviews of the
remaining 58 articles resulted in the inclusion of 19 studies
that met all inclusion criteria for this systematic review.
Discrepancies were resolved through group discussions with all
researchers involved.
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Data extraction and synthesis

Three researchers (AI, MMM, and LK) independently
performed data extraction using a structured Microsoft Excel
spreadsheet. The extraction was guided by the research questions
and included information on the following: general study
characteristics (e.g., publication year, country, and clinical
context), study objectives and scope, device/system used (e.g.,
features), methods, outcomes, and metrics used for system
assessment, and reported benefits, challenges, and limitations of
the XR technology. In addition to this set of key information, the

TABLE 1 Database search strategies and record retrieval summary.

Database Number of records

Number of records retrieved from each database

MEDLINE via EBSCO 243
PubMed 217
Cochrane Library 98
ACM Digital Library 261
IEEE Xplore 258
Total 1,077

Sample search strategy—MEDLINE via EBSCO

e Keywords used: [(head-mounted display OR heads-up display OR augmented
reality OR virtual reality OR mixed reality OR extended reality OR immersive
technology OR smart glasses) AND (emergency medicine OR emergency
medical service OR emergency response OR prehospital care OR first responder
OR emergency simulation)]

o Filters Applied: English; publication year from 2000 to 2024; peer-reviewed
journals and conference proceedings

10.3389/femer.2025.1630167

major findings of each study and the researchers’ reflections on the
study were also documented.

Upon completion of data extraction, the results were compared
and synthesized. In particular, we thoroughly reviewed all extracted
data to identify common themes. For instance, during the review,

TABLE 2 Inclusion and exclusion criteria for study selection in the
systematic review.

Reason Inclusion criteria Exclusion criteria
Language The article is written in The article is not written in
English. English.
Article type The article is an original The article is not an original
research article. research article.
Study context The study context described The study context described
in the article is relevant to in the article pertains to
EMS or prehospital work. settings unrelated to EMS or
prehospital work, such as
in-hospital settings.
Target The participants involved in The participants involved in
population the study are EMS clinicians the study are not EMS
(e.g., paramedics) or trainees. clinicians or trainees (e.g.,
police officers are excluded).
Technology The technology described in The technology described in
type the article is related to the article either does not
XR-based HMD technologies. qualify as XR technology or i:
not realized through HMDs
(e.g., desktop-based or
wall-projected virtual
simulations are excluded).
Empirical The technology described in The article focuses solely on
research the article has been the development or technical
investigated through aspects of the technology
empirical research. without empirical
investigation.

FIGURE 1
PRISMA flow diagram of the systematic review process.
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we found that participants highlighted a wide range of challenges
with using XR-based HMDs. These challenges ranged from the
bulkiness of the devices to the financial burden they could impose
on organizations. The low-level categories identified were then
grouped into broader high-level categories.

The senior researcher and corresponding author (ZZ)
supervised the synthesis process and reviewed the extracted data as
part of a validation step. Notably, the data extraction and synthesis
process were iterative, allowing the research team to refine the
analysis throughout the review and ensure that the data extraction
was both comprehensive and accurate.

Methodological quality assessment of
selected studies

The Meta-Quality Appraisal Tool (MetaQAT) was adopted
as a study quality assessment tool (17). This assessment tool
has been used in prior systematic literature review (10, 18). We
chose this tool because it allows for the evaluation of individual
studies regardless of their research design, ensuring a consistent
methodological assessment across all included articles.

MetaQAT consists of eight items or questions designed to
assess each study’s relevance, reliability, validity, and applicability
(17). For each question, the researchers used a rating scale to
evaluate how well an individual study addressed the criteria. Given
the need for extensive research expertise to conduct study quality
assessment, the senior researcher (ZZ) and another researcher
(MMM), who also holds a PhD and has undergone extensive
research training, independently assessed each reviewed article.
Any disagreements were resolved through thorough discussions.

Results

In this section, we report the main themes that are derived
from the reviewed articles, including the general characteristics
of selected studies, system features, system evaluation details, and
perceived benefits and challenges. The main findings are reported
in Table 3.

General characteristics

In this review, the 19 included articles were published between
2008 and 2024 (Figure 2A). Specifically, 18 of them were published
after 2018, with four published in 2023 (19-22) and three each in
2020 (23-25), 2021 (26-28), and 2024 (29-31), respectively. This
upward trend highlights an increasing focus on XR technologies in
EMS training over the past few years. Most of the publications (n
= 15) are journal articles, while only four studies were published as
conference proceedings (20, 32-34) (Figure 2B).

As shown in Figure 2C, among the 19 studies reviewed, seven
were conducted in the United States of America (USA) (25, 26,
30, 31, 33-35), three each in Germany (24, 29, 32) and Austria
(19, 27, 36), and one each in Switzerland (22), Australia (23),
Netherland (20), UK (21), Israel (28), and between the USA and
Saudi Arabia (37).

Frontiers in Disaster and Emergency Medicine
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of the reviewed articles.

Article  Study objectives Major findings
Berndt Understand design o VR system provided
etal. (32) requirements for a VR-based moderate immersion and
training simulation for mass presence, but improvements
casualty incidents (MCls). were needed in social
and self-presence.
Koutitas Examine whether AR or VR e AR/VR training
etal. (26) provides better training for outperformed traditional
first responders. methods, improving first
responders’ skills by 46% in
error reduction, 29% in task
speed, and 36% in overall
performance.
o VR training surpassed AR
in effectiveness.
Schneeberger Investigate the effectiveness of | e VR-based training induced
etal. (36) VR training for enhancing high cognitive-emotional
situation reporting in realistic stress, supporting its use in
mission conditions. training for stress-
resilient decision-making.
Zechner Identify user requirements for | e Key features for effective
etal. (19) MR-based MCI training. MR training include flexible
scenario design, patient
simulator manikins, and
objective
performance assessments.
Vogt Use a user-centered design o Paramedics rated the
etal. (20) approach to create and training highly for user
evaluate a VR triage training. experience and motivation.
® Trainers suggested VR as a
useful addition to current
practices.
o Co-developing with users
led to an effective platform for
triage in complex scenarios.
Thompson | Assess VR's ability to improve e Participants agreed VR
(21) hazardous area response improved HART paramedic
teams (HART) triage training training, with 86% reporting
effectiveness. increased confidence in MCI
triage.
o VR was considered more
effective than
mannequin-based training by
83% of participants.
Elsenbast Compare the effectiveness of e MR scenarios did not show
etal. (29) MR and VR platforms for clear superiority over VR
paramedic training. scenarios.
o VR sickness symptoms
were reported.
Birrenbach | Assess feasibility, acceptance, e VR REBOA training was
etal. (22) and confidence in VR training feasible, with high usability,
in the context of REBOA presence, and user
(resuscitative endovascular satisfaction.
balloon occlusion of the o Confidence in performing
aorta). REBOA increased
significantly after training.
Way et al. Evaluate learner impressions e Most participants (95%)
(30) of an automated VR system recommended the VR

for MCI response training.

experience; 94% rated it
“excellent” or “good”.

e Many participants indicated
that the system-generated
evaluation of their
performance was accurate
(77%) and that it was a valid
assessment of their skills
(74%).

(Continued)
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TABLE 3 (Continued)

TABLE 3 (Continued)
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Article  Study objectives Major findings Article  Study objectives Major findings
e Participants rated the Doswell Evaluate how an Al-enabled o Different levels of EMS
feedback and practice lower etal. (33) AR application quantifiably learners require different AR
in terms of effectiveness for enhances hands-free clinical user interface (UI)
improving first training proficiency for EMS designs—expert learners
responder skills. providers and prepares them benefit from a less structured
to administer effective clinical Ul that supports the fluid
Mills Compare VR-based and live o While perceived physical skills in response to hazardous | nature of task practice, while
etal. (23) simulations for MCI training. demand was higher in the materials (hazmat) incidents. novice learners require a more
live simulation compared to structured UI that displays
VR, no differences were each step of a clinical task.
observed across mental o The auto-intervention
demand, temporal demand, feature (e.g., indicating
effort or frustration. whether a step is correct or
o No significant differences not) was not desired by expert
were observed in skill learners.
performance; however, e Learners at all levels, as well
participants were able to as instructors, preferred
allocate cards far quicker in continuous evaluation of skill
VR. proficiency during training
o VR was 13 times less sessions and the ability to
expensive than review after-action
live simulations. performance reports.
Vincent Measure triage skill e Novice learners showed Azimi Evaluate the benefits of using o The time-on-task for
etal. (35) acquisition in novice learners significant improvement in etal. (34) MR for training caregivers in training is significantly longer
using immersive VR. confidence and triage times an emergency medical for participants trained with
across scenarios. environment. the HMD-based MR system.
Lerner Understand learning elements | e Participants rated VR ;I’ﬁgn;ng ‘gﬁRthe
etal. (24) and effectiveness in VR training positively for . adse system was
i efcivences. pereved s more cngsging
* A strong correlation was confidence-boosting for EMS
found bet;fveen presence and providers. It was also less
training effectiveness. . .
o Usability challenges and frustrating and provided
cognitive load limited the Setailei understanding of
positive impact. task steps.
Lowe Test the feasibility of VR for e VR was engaging and
etal. (25) adolescent disasttZr readiness enjoyable, w?thgyoinger Glick Determine whether o The quality of performance
training, physicians and residents etal. (28) telementoring with AR glasses | was found to be superior with
performing better in clinical affects chest thoracotomy remote guidance, without
tasks. performance and the significantly prolonging the
« Most participants rated VR self-confidence of procedure.
. . inexperienced trainees. e Participants in the
as more immersive and telementoring group
frff:rf:::::?:llaase d training, demonstrated a substantial
increase in self-confidence,
Friedman | Explore the acceptability, o Participants appreciated the with 100% believing the
etal. (31) usability, and ergonomics of a system’s realism, procedure was successful,
novel AR system for EMS functionality, ease of use, and compared to 40% in the
crisis management training. hardware comfort. control group.
o Key benefits included o There was no consensus
enhancing pediatric care among participants on
skills, verbal communication, whether AR glasses are a
and stress management. necessary tool in
o Challenges involved prehospital scenarios.
lr::_g:iot:dg (ﬁ{e:t’:}; dapting McCoy Evaluate the feasibility and o Smart glass-enabled
to the technology, and etal. (37) effectiveness of smart telesimulation added
software improvement needs. glass-enabled telesimulation educational value and proved
for delivering an EMS course more effective than standard
Mossel Evaluate an untethered VR o A simple and cost-efficient on MCI training to overseas learning formats.
etal. (27) application for first responder hardware setup (gamepad) healthcare providers. o Challenges included
training and compare the can effectively engage trainees, internet reliability, selecting
usability of two different while a more expensive setup suitable software platforms,
navigation methods: abstract (omnidirectional treadmill) and managing
(using a gamepad) and enhances realism by intercontinental
natural walking (via an simulating stress. time differences.
omnidirectional treadmill). o Test subjects identified free
navigation as the most
important feature, followed by The clinical focus of the reviewed studies is shown in Figure 2D.
sound and interaction. The articles primarily focused on the training of patient triage and

(Continued) — intervention during MCIs (n = 10) (19-21, 23, 25, 30, 32, 35-37).
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FIGURE 2
Overview of study characteristics across the reviewed literature. (A) Distribution of publication years. (B) Types of publication venues. (C) Countries
where the studies were conducted. (D) Clinical focus of the studies.

The rationales cited by most articles for focusing on MCIs in
training are: (1) The infrequent nature of MCIs limits the exposure
of EMS clinicians to these events, leading to many lacking the
necessary skills to ensure an effective and safe response (e.g.,
managing the sheer number of casualties and the allocation
of resources) (23, 25). (2) Traditional training methods (e.g.,
large-scale simulations) are costly to implement in the physical
world (20, 21, 30) and are often scarce or entirely absent in
many regions around the world (37), highlighting the need for
innovative, cost-effective pedagogical approaches. The remaining
articles focused on other types of EMS training, including pediatric
care (24, 31), teamwork and communication (29, 36), trauma and
resuscitative care (22, 34), and other [e.g., finding equipment inside
an ambulance bus (26), hazardous materials (hazmat) incidences
(33), and chest thoracotomy (28)]. In summary, the reviewed
studies primarily focused on training for low-frequency, high-
stakes clinical scenarios.

The study objectives of the reviewed articles are summarized
in Table 3. Most studies focused on evaluating the implemented
immersive platforms in terms of their acceptability, feasibility,
effectiveness, and user perceptions. Two noteworthy observations
should be highlighted. First, among the 19 reviewed articles,
only four studies (19, 20, 27, 32) adopted a human-centered
design approach to investigate user requirements for designing
immersive training technologies by engaging end-users, such as

Frontiers in Disaster and Emergency Medicine 06

EMS providers or trainers. Second, two studies (26, 29) conducted
comparative evaluations of immersive technologies, i.e., between
VR and MR.

Devices and features

To answer RQI, we analyzed the types and features of XR
technologies employed in EMS training. Our analysis found that
most of the studies (1 = 13) used VR devices, including HTC
(HTC Corporation, Taiwan) (19, 23, 24), Meta Quest (Meta
Platforms, Inc., Menlo Park, California) (21, 30), Oculus (now
part of Meta Platforms, Inc., Menlo Park, California) (22, 25,
26, 32), and Samsung GearVR (Samsung Electronics Co., Ltd.,
South Korea) (27, 36). Four studies used AR devices, including the
MLI headset (Magic Leap, Inc., Plantation, FL) (31), Google Glass
(Google, Mountain View, California) (37), and Epson Moverio
(Seiko Epson Corporation, Suwa, Japan) (33). Finally, two studies
used MR technologies, both of which used HoloLens (Microsoft
Corporation, Redmond, WA) (26, 34). The used devices are
summarized and presented in Figure 3.

The reviewed studies highlighted a diverse range of system
features that were deemed useful or effective for EMS training
(Table 4). These features can be categorized into five key
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FIGURE 3
The types of XR devices used in the reviewed studies.
areas: (1) interactive user interface and control, (2) task To interact with the GUI, virtual patients, or overlaid

performance recording, monitoring, and feedback, (3) smart
scenario editor and control, (4) realism and presence, and
(5) collaboration.

Interactive user interface and control

Many systems provided user-friendly, interactive graphical
user interfaces (GUI) for viewing clinical information or
instructions, selecting triage categories, and performing treatments
or interventions (22, 24, 25, 30, 31). For example, one study
(30) on MCI triage training implemented a virtual medical kit
within the VR system, which contained different medical tools
and equipment that could be selected by participants to perform
lifesaving interventions such as controlling major hemorrhage
with a tourniquet or wound packing. In another example (23),
participants could click on designated icons attached to each
patient within the virtual environment to gather and view basic
clinical information (e.g., airway, respiratory rate and pulse rate),
and also allocate an appropriate triage card.

In AR-enabled environments, trainers were able to interact not
only with virtual images of patients and objects (e.g., virtual cardiac
monitors, bag-valve masks, intravenous fluid poles, etc.) but also
with real-world objects, such as length-based resuscitation tapes
and tangible airway devices, which could be overlaid on the AR
patient (31). In MR-based environments, trainers could operate in
a blended real and virtual setting, allowing them to work with real
patient mannequins while performing interventions using virtual
elements overlaid on the mannequins (26, 34).

Frontiers in Disaster and Emergency Medicine

objects, three interaction methods were employed. One study
(35) explored a pose- and gesture-based control system to
offer a more naturalistic interaction experience, while another
study (34) relied on voice commands. However, nearly all
other studies relied on hand controllers for navigation and
interaction within the virtual environment (21, 25, 30-32, 36).
Hand controllers, in particular, improved navigation efficiency
through the “teleport” feature, allowing participants to point to a
desired location and click to move there without physical walking.
This feature was especially valuable in MCI training scenarios,
where large physical spaces are typically required; by using hand
controllers, the need for extensive physical space was significantly
reduced (30).

Task performance recording, monitoring, and
feedback

Several studies incorporated methods to record and monitor
trainees’ decision-making processes, actions, and task performance,
including metrics such as task completion time, errors, triage
accuracy, and physiological responses like stress levels (19,
20, 22, 23, 25, 30, 32, 33). Using this real-time data, the
system could automatically assess and quantify various aspects of
trainee performance, such as distinguishing correct vs. incorrect
triage categories and evaluating the order and timeliness of
triage assignments.

These advanced analytics and performance metrics were
often displayed to trainers or simulation experts, enabling
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TABLE 4 Summary of system features implemented, designed, or
evaluated in the reviewed studies.

Feature Detail

Interactive user
interface and
control

e Graphical user interfaces (GUIs) were developed
for viewing clinical information or instructions,
selecting triage categories, and performing
treatments or interventions (22, 24, 25, 30, 31).

e AR and MR technologies specifically enable the
blending of real and virtual objects, providing a
more interactive and realistic learning experience
(26,31, 34).

o Navigation and interaction within the XR-based
environment relied on three main interaction
methods: pose- and gesture-based control systems
(35), voice commands (34), and hand controllers
(21, 25, 30-32, 36).

Task performance o Trainees’ decision-making processes, actions,

recording, task performance, and physiological responses
monitoring, and were automatically recorded and monitored
feedback (19, 20, 22, 23, 25, 30, 32, 33).

© Real-time performance metrics were displayed
for guidance or intervention purposes (19, 33),
while post-training performance reports were
generated for self-reflection and debriefing

(20, 23, 30).

Scenario editor and o Trainers were able to design and modify
scenarios without requiring technical expertise
(19, 32).

o Scenarios could be adapted to suit the experience

levels of individual trainees (19, 20, 30, 32).

control

Realism and
presence

o Multi-modal feedback, including haptic, visual,
and auditory feedback, was implemented

(19-21, 31-33).

o Responsive virtual patients or agents capable of
verbal communication with trainees were included
(19-21, 30, 32).

e Ambient sounds and stressors were incorporated
to enhance realism (19-21).

o Treatments and interventions in virtual
scenarios closely mirrored real-world scenarios in
timing and effects (19, 20, 25, 30-32).

o Multi-user collaboration and communication
were supported in shared virtual spaces

(20, 22, 24, 29, 30).

o Live interactive telesimulation enabled by
AR-based smart glasses between trainers and
trainees in different locations (28, 37).

Collaboration

them to intervene or provide guidance in real-time as training
scenarios progressed (19). For example, trainers could increase
the complexity of an exercise by introducing distractions or
additional challenges to create a more realistic and engaging
training environment. They could also adjust the difficulty level if
trainees were not sufficiently challenged. Additionally, the system
itself could automatically identify correct or incomplete procedural
steps and intervene when a step was performed incorrectly (33).
Beyond real-time adjustments, systems also generated
comprehensive performance reports post-training (20, 23, 30).
These reports provided opportunities for trainees to engage in
self-reflection and facilitated debriefing sessions between trainers
and trainees to discuss strengths, areas for improvement, and
actionable strategies for better performance. The ability to monitor
and adapt training based on real-time data, combined with post-
training feedback, was found to enhance the overall effectiveness of

XR-based training systems (20).
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Scenario editor and control

Two studies (19, 32) highlighted that it is useful to allow trainers
to design and modify scenarios before or even during training
sessions without needing technical expertise from application
developers. For example, to facilitate the creation and modification
of the scenarios, a study (19) developed a scenario editor that
included an asset library and drag-and-drop functionality to adapt
training scenarios. This feature allows for content customization,
quick development, and shortened learning curve for trainers.

Additionally, being able to modify and control the scenarios,
trainers can adapt scenarios to suit the experience levels of
individual trainees (19, 20, 30, 32). This feature leverages real-
time trainees performance data, such as triage accuracy and
physiological markers, to create a tailored and responsive training
environment. For example, if a trainee exhibits low stress, the
system can increase the scenario’s complexity by introducing stress-
inducing elements, such as barking dogs or wandering children
(19). This adaptive approach ensures trainees are consistently
engaged and challenged.

Realism and presence

Realism and presence are highlighted as perhaps the most
essential and critical features in XR-based training. Under
this theme, several aspects were discussed in the reviewed
articles, including multi-modal feedback, responsive virtual
patients, ambient sounds and stressors, and the capability to
perform interventions. Each feature is described in greater
detail below.

Multi-modal feedback, encompassing haptic, visual, and
auditory feedback, plays a crucial role in enhancing the sense of
realism and presence in XR training environments. Several studies
(19-21, 31-33) have explored the integration of haptic feedback in
hand controllers, allowing trainees to practice performing physical
assessments, such as checking a patient’s pulse or monitoring their
breathing rate, without the need for a live patient. Furthermore,
auditory and visual feedback, such as hearing the patient’s breathing
or observing physical signs like chest movements that indicate
respiratory effort, was also considered critical (20, 31). By engaging
multiple senses, these capabilities foster an increased sense of
presence within the virtual environment.

The inclusion of responsive virtual patients or agents capable of
verbal communication with trainees further enhances the realism
and interactivity of immersive training systems, as demonstrated
by several studies (19-21, 30, 32). For instance, one study (20)
illustrates how responsive virtual agents are programmed to
exhibit emotional reactions, challenging trainees to adapt their
communication style based on the situation. Two additional studies
(21, 32) note that such interactions improve the realism of training
by simulating the complexities of human behavior under stress.

Ambient sounds and stressors are integral to creating
immersive training environments that replicate the chaotic nature
of real-world emergencies. Three studies (19-21) highlight how
incorporating environmental sounds, such as sirens, crowd noise,
or even a barking dog, can elevate the intensity and authenticity
of training scenarios, preparing trainees to manage distractions
effectively amidst the sensory overload of actual emergencies.
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Finally, the ability to perform or select treatments and
interventions is a cornerstone of immersive EMS training. Six
studies (19, 20, 25, 30-32) discuss how trainees can interact
with virtual medical kits or equipment to simulate life-saving
applying defibrillating
or performing cardiopulmonary resuscitation.

interventions, such as tourniquets,
the patient,
Additionally, as noted in (19), the timing of virtual medical
equipment application and its effects should closely mirror
real-world scenarios. For instance, a wound should not stop
bleeding immediately after the application of a tourniquet;
instead, there should be a delayed response to reflect real-world

physiological processes.

Collaboration
Five studies (20, 22, 24, 29, 30) developed features

to support multi-user collaboration in a shared virtual
space, enabling trainees to simulate real-world emergency
scenarios that require coordinated efforts, such as performing
synchronized interventions during resuscitation efforts. By
participating in a collaborative task, trainees not only practiced
their individual skills but also enhanced their ability to
communicate, coordinate, and operate effectively as a team
under high-pressure conditions.

Another (28, 37) utilized AR-enabled
smart glasses for telesimulation and telementoring between
The AR glasses facilitated

through a “see-what-

two  studies

remote trainers and trainees.

live, video-based communication

I-see” first-person point of view. Additionally, mentors
their
screens and annotate visual aids directly onto the display
glasses  to precise

instructions (28).

could access trainees surroundings via computer

of smart provide comments and

System evaluation

To address RQ2, we analyzed the evaluation focuses,
as well as the methodologies and tools used to evaluate
XR technologies in EMS training. Based on this analysis,
categories:
cost-effectiveness,  and

we organized the evaluation focus into four

feasibility,  training effectiveness,
user experience. Within each category, we describe how
the system was evaluated. The outcome measurements and
methods used for evaluating each aspect are summarized

in Table 5.

Technical feasibility

Three studies (22, 31, 37) examined the technical feasibility of
implementing XR-based technology to support EMS training, with
a particular focus on its ability to deliver effective training with
minimal setup requirements, disruptions, and technical glitches.
For instance, two studies (22, 37) explored whether an XR-based
training platform could be successfully implemented and executed,
while another study (31) conducted interviews to explicitly assess
trainees’ perceptions of the feasibility of integrating real-world
objects with AR imagery during simulation training.

Frontiers in Disaster and Emergency Medicine

10.3389/femer.2025.1630167

TABLE 5 Summary of system evaluation focuses, outcome
measurements, and used methods.

Evaluation Outcome Methods
focus measurements
Feasibility Successful o Based on the successful
Implementation (22, 37) implementation of
XR-based simulations
Perceived Feasibility (31) e Focus group
Training Clinical Performance o Assessment by the system
effectiveness (23-26, 28, 33, 35) or trainers
Knowledge Acquisition o Survey
(21, 22, 24, 25, 28, 35) o Training Evaluation Inventory
(TEI) (38)
e Pre- and post-training
evaluations of medical knowledge
Cost Cost and financial o Cost analysis (39)

effectiveness

feasibility (20, 23)

e Interview

User
experience

Presence (24, 29, 32)

o Igroup Presence Questionnaire
(IPQ) (41)

o Presence Questionnaire (PQ)
(42)

e Multimodal Presence Scale
(MPS) (43)

Immersion (22, 23, 25)

e Survey

o Slater-Usoh-Steed presence
questionnaire (45)

o Physiological metrics

VR sickness (19, 24, 30)

e Simulator Sickness
Questionnaire (SSQ) (48)

Perceived Cognitive
Load and Stress Level
(22-24, 27, 34, 36)

o Cognitive load scale (49)

e National Aeronautics and Space
Administration Task Load Index
(NASA-TLX) (50)

o Physiological metrics

Usability
(22, 24,27, 29, 31, 34, 37)

o After-Scenario Questionnaire
(ASQ) (51)

o System Usability Scale (SUS) (52
e Survey

User Satisfaction and
Acceptance
(22, 23, 25, 34, 35)

e Survey

® Reaction questionnaire (53)

o User Satisfaction Evaluation
Questionnaire (USEQ) (54)

o Simulation Design Scale (SDS)
(55)

e Focus group

Engagement and
Motivation
(20, 24, 25,29)

o Likert-scale questionnaire

e Situational Motivation Scale
(SIMS) (57)

e Reduced Instructional Materials
Motivation Survey (RIMMS) (58)

Overall User Experience
(19, 20, 23, 27, 28, 30, 31,
33,37)

o User Experience Questionnaire
(UEQ-s) (59)

o Interview

e Survey

o Observation

Training effectiveness

Training effectiveness is a core evaluation focus for
XR training systems, focusing on how well they improve
the knowledge, skills, and preparedness of trainees. This
critical aspect primarily focused on clinical performance and
knowledge acquisition.

frontiersin.org


https://doi.org/10.3389/femer.2025.1630167
https://www.frontiersin.org/journals/disaster-and-emergency-medicine
https://www.frontiersin.org

Zhang et al.

Clinical performance

Seven studies (23-26, 28, 33, 35) focused on assessing clinical
performance and reasoning skills by analyzing the completeness of
medical procedures, as well as the accuracy and timing of decisions
and intervention choices. These metrics provided quantitative data
to evaluate trainees’ ability to make critical decisions under pressure
and to identify specific areas where they excelled or required
further improvement.

Knowledge acquisition

The effectiveness of XR training systems in improving
knowledge gain has been demonstrated across multiple studies
(21, 22, 24, 25, 28, 35). For example, four studies (21, 22, 25,
28) conducted survey to assess trainees’ perceived readiness and
confidence for performing critical procedures after completing
immersive training, while another study (24) utilized an existing
instrument, Training Evaluation Inventory (TEI) (38), to assess
trainees’ perceptions of the content quality and relevance of the
XR-based learning environments.

Pre- and post-training evaluations of medical knowledge were
employed in two studies (22, 24) to objectively measure knowledge
acquisition. In another study (35), trainees completed a survey
before and after the training to rate their perceived self-efficacy.
These pre- and post-training evaluations allowed researchers to
directly compare their learning outcomes.

Cost effectiveness

Cost analysis is an essential aspect of evaluating XR training
systems, as it helps determine their financial feasibility and
potential for adoption. Two studies (20, 23) focused on this
area, using different approaches to assess the cost-effectiveness
of implementing XR technologies in EMS training programs.
Specifically, one study (23) used methods from prior research
(39) to conduct a detailed analysis of the direct and indirect
costs associated with setting up and maintaining XR training
systems, such as hardware acquisition, software development,
and personnel training. Another study (20) adopted a qualitative
approach by interviewing EMS program representatives to explore
the business models associated with adopting XR training systems.
These interviews provided insights into how organizations could
justify the initial investment and ongoing expenses by aligning the
training technology with organizational goals, such as improving
staff readiness and reducing errors in high-stakes scenarios.

User experience
The reviewed articles evaluated different aspects of the user
experience of XR technologies, as explained below.

Presence

The experience of presence refers to users’ subjective sensation
of “being there” within a virtual environment, despite knowing it is
not real (40). This is a critical measure of user experience with XR
technology, as it significantly influences engagement and realism.
To evaluate this aspect, two studies (24, 29) utilized the Igroup
Presence Questionnaire (IPQ) (41), while one study (32) used the
Presence Questionnaire (PQ) (42) and the Multimodal Presence
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Scale (MPS) (43). Higher scores on these instruments indicate a
stronger sense of presence.

Immersion

Immersion reflects the degree to which a virtual environment
provides a sense of inclusion and engagement in the virtual
experience (44). It was assessed using various methods across
different studies (22, 23, 25). For instance, surveys and the Slater-
Usoh-Steed presence questionnaire (45) were utilized in Lowe et al.
(25) and Birrenbach et al. (22), respectively. Conversely, Mills et al.
(23) employed physiological metrics, such as heart rate, to provide
objective insights into participants’ level of involvement.

VR sickness

VR sickness, also known as simulator sickness, is a condition
characterized by symptoms such as dizziness, nausea, fatigue, and
disorientation experienced by some users while interacting with
XR-based HMDs (46). These symptoms are often caused by sensory
conflicts, such as discrepancies between visual and vestibular cues,
or by frame rate inconsistencies within the virtual environment
(47). VR sickness can negatively impact user comfort and the
overall training experience, making it a critical aspect of system
evaluation. The reviewed studies (19, 24, 30) primarily used the
Simulator Sickness Questionnaire (SSQ) (48)—a standardized tool
for quantifying the negative physical effects of using VR—to assess
the extent of VR sickness among participants.

Perceived cognitive load and stress level

The cognitive load and stress levels experienced by participants
in XR training programs were key factors evaluated in six
studies (22-24, 27, 34, 36). Perceived cognitive load, which refers
to the mental effort required to complete tasks, was assessed
using different methods. Specifically, one study (24) measured
the perceived cognitive load with the scale by Klepsch et al.
(49), while four other studies (22, 23, 27, 34) utilized the
National Aeronautics and Space Administration Task Load Index
(NASA-TLX) (50). These measures offered valuable insights into
whether the training tasks were appropriately challenging without
overwhelming participants.

Given that EMS clinicians often work in high-stress, time-
critical environments, training programs should replicate these
conditions. To address this, one study (36) specifically focused
on assessing stress levels through physiological metrics, including
electrodermal activity (EDA), electrocardiogram (ECG) readings,
and respiratory data. These objective measures could provide
a deeper understanding of how XR-based training influenced
emotional and physiological states.

Usability

A system with poor usability may hinder participants’ ability to
navigate virtual environments, complete tasks, or focus on training
objectives. Therefore, usability was a primary focus of evaluation in
at least seven studies (22, 24, 27, 29, 31, 34, 37). The tools used for
the usability evaluation included the After-Scenario Questionnaire
(ASQ) (51) and the System Usability Scale (SUS) (52).

User satisfaction and acceptance
Five studies (22, 23, 25, 34, 35) focused on evaluating
user satisfaction and acceptance, which are key metrics that
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directly impact the likelihood of users adopting immersive
technologies in EMS training programs. Survey, including
established questionnaires such as the Reaction Questionnaire (53),
the User Satisfaction Evaluation Questionnaire (USEQ) (54), and
the Simulation Design Scale (SDS) (55), were the primary methods
for assessing these aspects. Additionally, one study (23) conducted
focus groups to gain in-depth insights into participants’ satisfaction
and openness to adopting the technology.

Engagement and motivation

Engagement and motivation are critical factors in the success
of any training program (56). High levels of engagement
and motivation ensure that participants remain focused and
actively involved, which enhances learning retention and skill
acquisition. Engagement was assessed in one study using Likert-
scale questionnaire (25), while intrinsic motivation was evaluated
in three studies (20, 24, 29), where the Situational Motivation Scale
(SIMS) (57) and the Reduced Instructional Materials Motivation
Survey (RIMMS) (58) were used.

Overall user experience

Nine studies (19, 20, 23, 27, 28, 30, 31, 33, 37) explored
participants’ general experiences, thoughts, feelings, attitudes,
and suggestions. Commonly used methods included interviews
(19, 20, 31), focus groups (23, 33), survey (19, 20, 27, 28,
30, 31, 37), and observations (19). It is worth noting that the
reviewed studies usually combined qualitative and quantitative
methods to obtain comprehensive insights into participants’
perspectives. For example, one study (20) administered the
User Experience Questionnaire (UEQ-s) (59) with trainees and
conducted interviews with trainers to explore their experiences
with the XR training program. In another study (19), the
researchers combined interviews, surveys, and observations to
gain a holistic understanding of participants’ experiences with the
training system.

Perceived benefits and challenges

To address RQ3, we analyzed and synthesized the benefits
and challenges of using XR technologies for EMS training and
education as reported in the reviewed articles, which are outlined
in this section.

Benefits

As detailed below and summarized in Table 6, the reviewed
articles highlight that integrating XR technology into EMS training
offers numerous advantages, including enhancing clinical skills,
engagement, accessibility, cost-efficiency, and promoting training
standardization and teamwork.

First and foremost, the majority of the reviewed articles
suggested that XR-based training can enhance clinical and
intervention skills while boosting EMS clinicians’ confidence in
handling low-frequency, high-stakes scenarios (21-26, 28, 31,
34, 35, 37). For example, novice learners reported significant
improvements in performance, speed, and self-efficacy (35), while
another study (26) revealed a 46% increase in accuracy and a
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TABLE 6 Summary of reported benefits of using XR technologies for EMS
training.

Category Details

Skill and confidence
development

Improved clinical and intervention skills while boosting
participants’ confidence (21-26, 28, 31, 34, 35, 37).

Reliable assessment Offered a reliable means of assessing trainees’ knowledge

and performance (25, 30, 33).

Interactive and Created highly interactive, realistic, and engaging

engaging environments that provide a deeper sense of connection
(24, 25, 30).
Accessibility and Improved training accessibility and cost-effectiveness

cost-effectiveness compared to traditional methods (20, 23).

Collaborative
training

Facilitated collaborative training among EMS clinicians,
including across different countries (20, 22, 24, 29, 30, 37).

29% boost in task execution speed. Additionally, confidence—a
critical factor in EMS work—was enhanced through XR training,
as highlighted by three studies (21, 22, 35).

Second, in addition to practicing clinical skills, XR technology
provides a robust and reliable means of assessing trainees’
knowledge and performance to identify areas requiring
improvement or more training (25, 30, 33). For instance, one study
(30) illustrated that the XR training system was a valid method
for evaluating first responders’ skills, with 77% of participants
affirming that the system’s generated evaluations were accurate
and served as a valid assessment of their abilities. Additionally, the
automatic identification of inaccurate or incomplete tasks, along
with the provision of feedback to trainees, may reduce or even
eliminate the need for additional trainers (33).

Third, XR technologies were praised for their ability to create
highly interactive, realistic, and engaging environments, offering
a deeper sense of connection compared to traditional training
methods (24, 25, 30). For instance, as Lowe et al. (25) pointed out,
VR could foster a higher level of connection that can be delivered
globally and without restrictions to bridge the gap between trainees
and real-world scenarios.

Fourth, these technologies significantly improve accessibility
and cost-effectiveness (20, 23). Unlike traditional simulation-
based training, which often requires substantial resources, XR
technologies make training more accessible by democratizing
access to training for EMS clinicians. The study conducted by
Mills et al. (23) underscored this benefit, showing that a VR
platform costing $712.04 was substantially less expensive than
live simulation training, which cost $9,413.71. This cost efficiency
makes XR technology an economical solution for broad-scale EMS
training programs.

Finally, XR-based training platforms facilitate collaborative
training (20, 22, 24, 29, 30, 37). For instance, Lerner et al. (24)
developed a VR application that allowed participants to interact
and perform tasks collaboratively in a shared virtual environment,
simulating the coordination and communication challenges they
might encounter in real-life emergency situations. Another study
(37) focused on delivering training between two countries (USA
and Saudi Arabia), which focused on delivering training between
USA and Saudi Arabia, highlighted the successful implementation
of telesimulation using AR-enabled smart glasses to connect
participants across different regions and countries.
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TABLE 7 Summary of reported challenges of using XR technologies for
EMS training.

Low-level Details

category

High-

level
category

Ergonomic Uncomfortable use and Users reported discomfort due
and human wearing of the device to bulky devices or VR-induced
factor issues (29, 31, 33) sickness.

Restricted physical VR headset caused issues with

movement (24) movement during tasks.

Cognitive overload
(24, 31, 33)

High mental demands from XR
systems caused challenges in
processing information and
completing tasks.

Usability issues | Interaction challenges Difficulty using hand controls
(23-25,33) or interacting with the interface.
Deep learning curve Deep learning curve associated
(25,31) with using immersive systems,
requiring extensive orientation
and practice.
Technical Connectivity problems Frequent connectivity problems
limitations and | (30, 32, 37) disrupted the training process.

issues

Software malfunctions and
system freezes hindered task
execution.

System glitches (30-32)

Uncapable of human
interactions (23)

Inability to fully replicate
human interactions and
emotional immersion, limiting
realism for certain scenarios.

Challenges and barriers

The reviewed articles also pointed out several challenges in
the adoption and implementation of immersive systems in EMS
training. The challenges are summarized in Table 7.

Ergonomic and human factor issues

One of the primary challenges in adopting XR technology
is the discomfort associated with its use, often caused by bulky
devices (31, 33), incompatibility with spectacles (e.g., eyeglasses)
(33), or VR-induced sickness (29). Elsenbast et al. (29) highlighted
that such discomfort significantly hinders participants’ engagement
and may limit their ability to effectively complete training
sessions. Additionally, physical limitations caused by headset
cables were highlighted in (24), where participants experienced
difficulties performing tasks due to restricted movement. Finally,
cognitive overload, resulting from the mental demands of operating
complex XR systems, was noted in (24, 31, 33). Participants
reported difficulties in processing information and completing
tasks simultaneously, emphasizing the importance of streamlined
designs to minimize mental strain.

Usability issues

Interface and usability challenges were identified across
multiple studies. For example, participants struggled with
navigating XR interfaces and controls, such as pressing incorrect
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buttons on the controls or being unable to log and enter data during
simulations (23-25). Issues related to information clarity and
display readability also contributed to a negative user experience
when interacting with XR systems (33). Additionally, two studies
(25, 31) specifically pointed out the learning curve associated with
using immersive systems, as participants’ unfamiliarity with the
technology often led to inefficiencies during training.

Technical limitations and issues

Technical challenges, such as connectivity problems,
were noted in three studies (30, 32, 37). These disruptions,
including devices losing connection during simulations, impacted
participants’ ability to complete tasks effectively. This was
particularly problematic during live, interactive telesimulations
conducted between distributed locations, such as different
countries or regions (37). Software malfunctions also posed
significant challenges, as highlighted in (30-32). Examples
included system freezing and system glitches, which not only
disrupted the learning process but also undermined confidence
in the technology. Finally, Mills et al. (23) noted the inability
of immersive systems to fully replicate human interactions and
emotional immersion, which are essential for EMS training

scenarios requiring interpersonal communication and empathy.

Risk of bias

The relevance, reliability, validity, and applicability of all
reviewed studies were thoroughly evaluated by the research team,
as described in the method section. The overall quality of the
studies was categorized as high in 15 studies and medium in
4, with none being classified as low. However, three notable
issues emerged during the appraisal process. First, only six
studies addressed issues related to potential confounders, with the
remaining 13 studies failed to adequately account for possible
biases in their methodologies. For instance, variations in trainees’
prior knowledge and experience were not consistently controlled
for, which may have influenced the reported training effects
and hindered direct comparison across studies. Second, eight
studies did not clearly describe their ethical approval or related
procedures, such as obtaining informed consent from participants
or getting study approval from an ethics review board. This lack
of information raises concerns about the adherence to ethical
standards and the transparency of these studies. Third, a significant
disparity in participant numbers was observed across the studies,
ranging from as few as 10 participants in one study (32, 33) to
as many as 375 in another (30). This variance could affect the
generalizability of findings, as smaller sample sizes may lead to less
representative results compared to studies with larger, more diverse
participant pools.

Discussion

In this section, we discuss the implications derived from this
systematic review of the existing literature. We focus on three
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key aspects: methodological implications, design implications, and
practical implications.

Methodological implications

With one exception (34), almost all of the reviewed studies
primarily focused on short-term outcomes, such as immediate
performance during or after the training, user satisfaction,
and perceived usability. While these metrics are valuable for
understanding the initial effectiveness of a training platform, they
do not provide insights into how well the knowledge and skills
are retained over time or how effectively trainees perform in
actual emergency situations. For instance, while participants may
demonstrate improved triage scores or reduced error rates through
XR-based training, it remains unclear whether these gains translate
into better performance weeks or months later in high-pressure,
real-world scenarios. To address this gap, future studies should
incorporate longitudinal designs to evaluate the long-term impact
of immersive training. This could involve follow-up assessments
weeks or months after the initial training to measure knowledge
retention and skill decay, as demonstrated in one reviewed study
(34). Moreover, tracking how trainees apply their training in real-
world emergencies could offer more meaningful insights into the
practical value of these technologies. For example, studies could
examine whether EMS clinicians trained with XR-based platforms
demonstrate faster response times, better decision-making under
pressure, or improved patient outcomes in real incidents compared
to those trained with traditional methods. Overall, longitudinal
evaluations that extend beyond the training period are essential to
assess the durability of learning outcomes, monitor performance
over time, and ensure that XR interventions deliver sustained
benefits in clinical practice.

Another interesting observation is the use of user-centered
design in four studies (19, 20, 27, 32) to investigate user
requirements for the development of XR-based training systems.
User-centered design ensures that the needs, preferences, and
challenges of end-users are integrated into the system from the
outset, resulting in more intuitive interfaces and effective training
experiences (60, 61). Without such involvement, there is a risk
of creating systems that fail to address critical pain points or
that introduce additional cognitive and physical burdens (62).
Future research should prioritize co-designing systems with EMS
clinicians to ensure alignment with their training needs to enhance
the usability and acceptance of XR training systems.

Third, it is worth noting the geographic distribution of
the reviewed studies. The majority were conducted in high-
income countries, particularly the United States and European
nations. This geographic concentration raises concerns about
the generalizability of findings to low- and middle-income
countries (LMICs), where EMS systems often operate under
different constraints, including limited funding, understaffing,
and reduced access to advanced technologies such as XR. The
implementation and outcomes of XR-based training programs
may vary significantly in these settings due to differences in
technological infrastructure, educational resources, and healthcare
priorities (63, 64). Future research should explicitly consider
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these contextual differences and evaluate how XR solutions
can be adapted to better serve the needs of diverse EMS
environments globally.

Finally, one of the significant challenges in evaluating the
effectiveness of XR-based training technologies for EMS is the
lack of standardized evaluation frameworks. As seen in the
reviewed studies, researchers used a wide variety of tools,
metrics, and methodologies to assess outcomes. Additionally,
there was substantial variation in the number of participants,
the consideration of compounding factors, and the reporting
of ethical procedures. This diversity makes it challenging to
compare results across studies, draw generalized conclusions, and
identify best practices for the development and implementation
of these systems. Notably, these challenges are not unique to the
EMS training domain. XR technologies have also been broadly
applied in other areas of healthcare education—such as surgical
training, nursing, and medical school curricula—where similarly
diverse evaluation methods are employed, ranging from technical
performance metrics (e.g., surgical accuracy, task completion
time) to cognitive and behavioral outcomes (e.g., decision-
making, communication, empathy) (65-67). Drawing from these
broader applications, the EMS community could benefit from
adopting validated instruments and multi-dimensional assessment
strategies that extend beyond user satisfaction and short-
term performance. Specifically, integrating behavioral, affective,
and situational awareness measures—commonly used in other
healthcare XR evaluations—may offer a richer understanding
of how immersive training influences readiness and clinical
competence in EMS settings. Additionally, developing standardized
evaluation frameworks would enable the field to move toward
more rigorous, comparable, and actionable evaluations. We hope
this systematic review serves as a starting point toward achieving
this goal.

Design implications

The majority of studies reviewed focused on virtual reality
(VR) as the primary immersive technology for EMS training. VR’s
ability to create realistic, fully immersive environments makes it a
natural choice for replicating high-pressure emergency scenarios.
Several factors contribute to the predominant use of VR in the
reviewed literature. First, VR technologies were developed and
adopted earlier than other XR technologies such as AR or MR,
leading to a head start in their exploration and application. This
early adoption likely paved the way for more research and practical
implementations of VR systems. Second, comparative studies
examining the effectiveness of VR against other technologies, such
as AR or MR, further confirm its effectiveness in EMS training.
For instance, Koutitas, et al. (26) found that VR training surpassed
AR in effectiveness, improving performance in critical areas such
as error reduction and task completion speed. Similarly, Elsenbast
et al. (29) concluded that MR scenarios did not demonstrate clear
superiority over VR scenarios in EMS training. While AR and
MR offer unique advantages, such as the ability to overlay critical
information onto real-world environments, these technologies have
yet to show consistent benefits over VR in EMS training contexts.

frontiersin.org


https://doi.org/10.3389/femer.2025.1630167
https://www.frontiersin.org/journals/disaster-and-emergency-medicine
https://www.frontiersin.org

Zhang et al.

Given VR’ current dominance and its proven capabilities, it is
understandable why it has become the focal point of research in
immersive EMS training. However, with recent advancements in
AR and MR technologies, expanding future research to compare
the most advanced AR and MR systems against VR could
uncover additional insights and help determine the most effective
applications for each type of technology.

The reviewed studies highlighted several critical features
deemed highly useful or effective through evaluations or
requirement gathering. One such feature is “smart scenario
editors”, identified as essential for minimizing reliance on
developers for customization (19, 32). These tools allow trainers
to independently design, modify, and adapt training scenarios
using a plug-and-play approach in the backend, without requiring
technical expertise. This capability not only promotes greater
flexibility and adaptability but also enhances the cost-efficiency
of immersive training systems by enabling EMS agencies to
save on development costs while maintaining relevant and
engaging training content. Additionally, several reviewed studies
suggested that the integration of responsive virtual patients is a
valuable feature that should be incorporated into XR systems (19-
21, 30, 32). With the exponential development and advancement
of large language models (LLMs), there is significant potential to
enhance virtual patients by leveraging LLMs to simulate realistic
patient interactions, communicate dynamically with trainees, and
adapt to various scenarios in real-time—capabilities that were not
feasible just a few years ago (68, 69). This approach could also help
address current technical limitations in XR training applications,
such as the inability to fully replicate human interactions and
emotional immersion (23). Future research is needed to evaluate
the feasibility and effectiveness of LLM-powered virtual patients in
EMS training.

The reviewed studies also noted several challenges that
must be addressed to ensure their effective adoption. VR
sickness, characterized by symptoms like dizziness, nausea, and
fatigue, remains a significant barrier. Such symptoms can hinder
participants‘ ability to complete training sessions and may reduce
the overall acceptance of VR-based systems (46, 47). Researchers
and developers must explore strategies to minimize VR sickness,
such as optimizing frame rates, reducing sensory conflicts, and
providing breaks during training (70, 71). Cognitive workload
is another critical challenge, as operating complex VR systems
while processing training scenarios can overwhelm participants.
High cognitive demands can detract from learning outcomes and
impede performance during simulations. To address this, training
systems should have adaptive difficulty levels that align with
trainees’ expertise. Providing pre-training sessions and adequate
user support to familiarize users with the technology can help
mitigate cognitive overload by allowing trainees to focus on skill
development rather than system navigation (25).

Practical implications

One of the most critical considerations for EMS agencies in
adopting XR-based HMDs for training purposes is the associated
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costs and financial burden. EMS agencies often operate under
constrained budgets, making it essential for training solutions to
be affordable and sustainable. XR technologies have demonstrated
their potential to deliver high-quality training at a fraction of the
cost of traditional live simulations. For example, as highlighted
in one reviewed study (23), a VR platform costing $712.04 was
significantly less expensive than live simulation training, which
required $9,413.71 to execute. This large difference in cost indicates
the financial feasibility of VR-based solutions. To further support
adoption, XR training platforms should prioritize cost efficiency,
including low-cost hardware, affordable software licensing, and
minimal ongoing maintenance expenses. Such accessibility ensures
that resource-limited EMS agencies, including those in low- and
middle-income countries, can implement these technologies to
enhance their training programs without compromising other
critical operational needs.

Another critical aspect of successfully implementing XR
training technologies in EMS is securing buy-in from end users,
particularly those who may be skeptical or resistant to the adoption
of new technologies. Resistance often stems from concerns about
the learning curve, perceived complexity, or fear that technology
may replace traditional training methods rather than complement
them. To address these concerns, EMS organizations must actively
involve end users—both trainers and trainees—in the development
and implementation process.

Study limitations

As with any research project, our study presents several
limitations. First, the included studies varied significantly in terms
of sample size, technologies, study designs, and evaluation tools,
which makes direct comparisons and generalizations challenging.
Second, the review excluded non-English studies, theses, and
posters, which may have led to the omission of valuable insights
from other regions or works that were not part of a journal or
conference. Lastly, the reliance on reported data in the reviewed
studies may have introduced biases, as some studies lacked
transparency in describing inclusion criteria, ethical approvals,
and potential confounding factors. Future research should address
these gaps by adopting standardized frameworks and conducting
larger-scale, multi-center evaluations.

Conclusion

This systematic review highlights the potential of XR-based
HMDs to transform EMS training by providing immersive,
interactive, and cost-effective alternatives to traditional methods.
The reviewed studies demonstrated that XR technologies can
enhance clinical skills, boost confidence, and promote collaborative
learning, especially for low-frequency, high-stakes scenarios.
However, the findings also underscore significant challenges,
including issues with ergonomics, usability, and technical
limitations. Building on these insights, our work outlines the
methodological, design, and practical implications to guide future
research and development of XR-based EMS training systems.
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