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Abstract

Well-trained medical first responders (MFRs) are essential to the management of mass
casualty incidents (MCls), where they must respond to more patients than their resources allow.
However, real-life exercises (RLES), the gold standard training method, remain infrequent due
to the limited resources of MFR organizations. To fill this gap, MCI training in immersive
virtual reality (iVR) and mixed reality (MR) has been gaining increasing attention. However, a
thorough evaluation of the effectiveness of such training methods is essential to ensure adequate
preparation of MFRs. This dissertation examines the potential of iVR and MR training for
preparing MFRs for MCls.

First, a systematic review was conducted on MCI and disaster training methods for
MFRs as well as on the measurement of their effectiveness (Manuscript 1). Training methods
from 55 (quasi-)experimental studies were evaluated. Most studies used written knowledge
tests and subjective measures, while less than a third employed performance indicators. Two
performance indicators that can be objectively and potentially automatically assessed were
decision accuracy and speed. Technology-based methods mostly included learning on a
computer screen. Three studies evaluated training with iVR and concluded that iVR was
associated with similar learning satisfaction and similar or even higher performance than
traditional methods. The review highlights a lack of evaluation studies on iVR and MR training,
particularly MR with haptic feedback, and emphasizes the need to identify and validate
objective performance indicators for iVR and MR MCI training.

Next, a study was conducted comparing MR MCI training with haptic feedback (n = 34)
to the gold standard, RLEs with patient actors (n1 = 4, n2 = 14; Manuscript 2). The MR group
reported similar stress, exhaustion, and self-efficacy scores as the RLE groups, but stress and
exhaustion tended to be low in all groups. The MR group reported only slightly lower physical

presence but considerably lower social presence. Open-ended responses suggested that this was



mainly due to a lack of interaction opportunities with virtual patients. Perceived learning gains
were moderate for the MR group and high for the RLE group. Participants reported that
IVR/MR training had potential and could complement RLEs in a resource-efficient way. This
study was the first to compare MR MCI training with RLEs and demonstrated the potential of
such training while also identifying areas for improvement, such as incorporating more stressors
(in both types of training) and enhancing virtual patient interaction.

To identify objective performance indicators that can be integrated in iVR/MR MCI
training, a validation study on performance metrics for virtual training was conducted
(Manuscript 3). Based on the known-groups approach, indicators identified in the systematic
review as well as other medical education research were tested in their ability to differentiate
between different levels of expertise. Seventy-six participants from the medical field completed
five iVR MCI scenarios. While visual attention indicators did not distinguish between expertise
levels, MFRs demonstrated significantly better triage accuracy, speed, and information
transmission efficiency than non-MFRs. Triage accuracy also correlated positively with triage
knowledge test scores. Self-rated performance did not correlate with any of the objective
indicators. Immersive virtual MCI scenarios proved to be a valuable medium for assessing MFR
performance, particularly in terms of accuracy, speed, and information transmission. The results
suggest that immersive virtual training could be integrated into current MCI training curricula
to provide frequent, objective performance assessments in a controlled environment.

In summary, this dissertation demonstrates that immersive virtual training has the
potential to complement existing MCI training, thereby enhancing MFR preparation.
Specifically, such training elicited similar psychological responses in several areas when
compared to the gold-standard training and received positive trainee feedback. Additionally,
immersive virtual MCI training can be used to assess MFR performance, and several

performance indicators are recommended for the integration in iVR and MR training.
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Chapter 1. General Introduction

Mass casualty incidents (MCIs) are defined as “events which generate more patients at
one time than locally available resources can manage using routine procedures” (World Health
Organization, 2007, p. 9). They encompass a variety of uncommon and complex situations,
including natural disasters, large-scale accidents and man-made disasters (Berndt, Wessel,
Willer, et al., 2018). Medical first responders (MFRs) are usually responsible for the initial,
prehospital care and patient transport (Chaput et al., 2007). However, during MClIs, MFRs must
perform a variety of tasks beyond their routine responsibilities. These tasks include gaining an
overview of the usually complex situation while ensuring their own safety, making decisions
about who is most in need of help (i.e., triage), and providing medical care and transport based
on established priorities (Chaput et al., 2007). In addition, these tasks must be performed in
situations, in which insufficient information flow, technical communication failures and
mismatches between contingency plans and reality are not unusual (Hugelius et al., 2020).
Maintaining optimal attention and performance in these high-stress situations is critical to
saving as many lives as possible.

Altogether, MCls are particularly stressful events for MFRs (Hugelius et al., 2020), who
are under high pressure to perform. However, the preparedness of emergency organizations for
MCls and disasters has been criticized as insufficient (Mills et al., 2020). For example, a
German study with n = 1993 MFRs found that only 73% had participated in a real-life exercise
(RLE) involving a triage process at any point in their careers (Ellebrecht, 2013). It is therefore
not surprising that a large part of healthcare professionals perceives their preparedness for these
situations as inadequate (Almukhlifi et al., 2021), despite their willingness to participate in MCI
and disaster training (Goniewicz et al., 2021; Lim et al., 2013; Whetzel et al., 2013).

The gold standard for MCI training is real-life scenario training with patient actors,

manikins and props such as wrecked vehicles (Berndt, Wessel, Willer, et al., 2018; Tin et al.,
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| General Introduction

2021). Simulating potentially real scenarios during training is considered important as it gives
trainees the chance to transfer their theoretical knowledge into practical skills as well as to
experience difficulties (e.g., unclear responsibilities) and work on them without putting real
patients or themselves at risk (Heldring et al., 2024; Lateef, 2010). However, real-life scenario
training tends to be particularly resource-intensive in terms of costs and organizational effort,
resulting in a low training frequency (Berndt, Wessel, Willer, et al., 2018). To fill this gap,
immersive virtual reality (iVR) and mixed reality (MR) are considered promising new training
technologies with the potential to substantially increase the availability of MCI training (e.g.,
Elsenbast et al., 2024; Pottle, 2019). However, there is still a lack of evaluation studies
scientifically testing iVR and MR for MCI training. As a result, it remains difficult to make
informed, theoretically solid and scientifically grounded decisions about the use and application
of iVR/MR MCI training. This dissertation aims to fill this gap by examining the theoretical
basis, scientifically examining the potential of iVR/MR training in preparing MFRs for MCls,

and highlighting implications and directions for future research.

1.1iVR and MR

The term virtual reality encompasses technological systems that present computer-
generated, synthetic environments, typically experienced through audio-visual input, which
users can immerse themselves in and interact with (Mikropoulos & Natsis, 2011; Milgram &
Kishino, 1994). Virtual reality can be classified based on the level of immersion, i.e., the ability
of the technological system to create convincing and vivid virtual environments, while blocking
out the physical world (Makransky & Petersen, 2021; Slater & Wilbur, 1997). Systems with
low immersion usually refer to viewing the virtual world on a computer monitor (Fusco & Tieri,
2022; Slater & Wilbur, 1997). In contrast, high immersion can be achieved through a sensory-

rich environment, a broad field of view, and highly realistic graphics (Slater & Wilbur, 1997).
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IVR is usually experienced through head-mounted displays (HMDs) and the use of controllers
to interact with the virtual environment (Gerwann et al., 2024; Makransky & Petersen, 2021).
HMDs create the impression of being in a three-dimensional environment by using binocular
projection, providing each eye with a slightly different perspective on two-dimensional screens
within the HMD (Scarfe & Glennerster, 2019). Another, less frequently used iVR system is a
room in which virtual environments are projected onto the walls, floor, and ceiling (CAVE;
Andreatta et al., 2010; Slater & Wilbur, 1997). However, most of the recent research focuses
on iVR with HMDs (Makransky & Petersen, 2021; Scarfe & Glennerster, 2019), mainly
because of the increasing affordability and practical use such as its transportability (Jensen &
Konradsen, 2018).

While users of iVR are completely surrounded by a virtual environment, MR can be
defined as the combination of the virtual and physical world (Dwivedi et al., 2022; Milgram &
Kishino, 1994). MR encompasses both the experience of the physical world with virtual objects
placed inside (usually referred to as augmented reality) and the experience of being surrounded
by a virtual world with physical elements or objects incorporated (Dwivedi et al., 2022; Wrzus,
Schone, et al., 2024). The latter is sometimes also referred to as augmented virtuality (Milgram
& Kishino, 1994) and usually encompasses the integration of haptic feedback by mapping
virtually visible objects on top of physical ones (Gerwann et al., 2024; Zechner, Uhl, et al.,
2024). However, due to the inconsistent use of the terms iVR and MR (Dwivedi et al., 2022),
it is recommended to carefully examine the description of the used technology in research
articles (Gerwann et al., 2024). In addition to iVR, this dissertation primarily focuses on the
type of MR that integrates objects of the physical world to an otherwise virtual environment
(i.e., ‘augmented virtuality’). Medical professionals rely heavily on haptic cues received
through their hands, which are one of the most important diagnostic tools in patient interactions

(Zechner, Uhl, et al., 2024). Therefore, in the context of medical education, embedded physical
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| General Introduction

objects are usually patient manikins (Elsenbast et al., 2024; Girau et al., 2019; Uhl, Schrom-
Feiertag, et al., 2023; Zechner, Uhl, et al., 2024). Table 1.1 provides an overview of training
modalities as defined in this dissertation and ordered by the degree to which trainees experience
the physical vs. virtual world.

IVR and MR have already proven to lead to the feeling of presence, i.e., the subjective
feeling of ‘actually being there’ (Slater & Sanchez-Vives, 2016; Slater & Wilbur, 1997; Uhl,
Schrom-Feiertag, et al., 2023). Furthermore, the technologies provide increasingly realistic
graphics and sound, including spatial audio (Xu et al., 2020). While most setups can track
movements by tracking the position of the HMD and controllers, full-body motion tracking has
become possible as well (Gerwann et al., 2024; Kleygrewe et al., 2024b). Motion tracking is
necessary for enabling users to move around and explore the virtual environment. For instance,
while 360-degree videos offer a highly realistic environment and can be valuable for
researching reactions from a static position, artificially created scenarios can allow for free
movement and interaction with the scene, which are critical for effective training (Scarfe &
Glennerster, 2019). Technological progress in recent years has also made it possible for
multiple users to be in the same virtual environment working together (Nguyen & Bednarz,
2020). This can be beneficial for MFR training as they usually work in teams (Manser, 2009).
Once set up with the necessary hardware and software, iVR and MR can be used almost
everywhere, at any time and with little preparation (Diiking et al., 2018).

The strengths of immersive virtual environments have led to a rapid expansion of the
use of iVR across multiple sectors and research areas in recent years (Wrzus, Schone, et al.,
2024), particularly in the context of education and training (Makransky & Petersen, 2021). As
the technology has become more affordable (Mills et al., 2020) and technological advances

continue, its adoption in medical education has also increased substantially. Meanwhile, MR is
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Table 1.1

Overview of training modalities as defined in this dissertation.

Real-life Augmented Non- Augmented Immersive
exercises reality immersive virtuality virtual reality
Virtual reality
Typical set-up Staged ‘See-through’  Desktop HMDs and HMDs, or
environment HMDs, glasses monitor integrated less common:
with patient or mobile (Milgram &  physical CAVE systems
actors and props devices Kishino, elements (Makransky &
(Berndt, displaying the  1994; Slater  (Milgram & Petersen, 2021,
Wessel, Willer, physical & Wilbur, Kishino, 1994) Slater &
etal., 2018; environment 1997) Wilbur, 1997)
Mills et al., and overlaying
2020) virtual elements
(Nizam et al.,
2018)
Perception of Complete; High; virtual High to Medium to low; Low, users
physical physical elements medium; users primarily  primarily
environment  environment integrated into  virtual perceive the perceive the
only the physical content virtual virtual
environment confined to environment, environment
the screen; selected
physical elements from
environment the physical
remains world are
visible integrated
Typically Possibly all Vision, Vision Vision, hearing, Vision and
addressed senses potentially (screen), often haptics, hearing (Zhang
senses combined with  hearing other senses etal., 2018)
hearing (Dong (Forondaet  possible as well
etal., 2016) al., 2016; (Uhl, Schrom-
Fusco & Feiertag, et al.,
Tieri, 2022)  2023)
Interaction Own hands and Controllers, Mouse, Body trackers,  Controllers,
techniques and body, use of tracked keyboard, sensors within ~ body trackers,
tools with ‘normal’ gestures, etc. joystick, etc. integrated etc. (Uhl etal.,
training equipment (Uhl (Nizametal.,, (Fusco & objects, 2024)
environment et al., 2024) 2018) Tieri, 2022)  controllers etc.

(Gerwann et al.,
2024)

Note. This table displays an overview of the training modalities as they are defined in this

dissertation and how they are typically used. As there are always modifications and technical

adaptations, the aim is not to provide an all-encompassing representation.
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emerging as a promising technology in the medical field, although it is still in its early
stages with limited research conducted so far (Girau et al., 2019).

Despite their potential, iIVR and MR still face technological limitations that affect the
users’ experience. For example, accurate representation and assessment of fine motor tasks
remain challenging due to limitations in motion tracking and, in MR, imperfect mapping of
virtual elements onto physical ones (Gerwann et al., 2024). Motor skills are important in
medical treatment, but there are concerns that exact hand grips cannot be incorporated into MR
and thus unnatural motor sequences are being learned (Giessing, 2021). In addition, users may
experience cybersickness, which describes negative side effects such as nausea and headaches
during or after using IVR/MR (Dauvis et al., 2014). However, the risk of cybersickness can be
reduced by minimizing sensory conflicts between bodily perception and virtual input. Strategies
include reducing the lag between user actions and system responses, implementing efficient
motion tracking, and enabling natural locomotion (Davis et al., 2014). Overall, while iVR and
MR are promising technologies with numerous potential applications, they currently also have

limitations. Further research is needed to evaluate their suitability for MCI training.

1.2 Training in iVR and MR

The term training describes the systematic and goal-oriented execution of exercises to
develop or improve specific competencies and skills (Altmann, 2019). To trigger learning
processes, training must challenge trainees beyond their current abilities (e.g., higher difficulty,
new training content) without being overwhelming (Altmann, 2019; Hill et al., 2024). In
particular, for quick and effective decision-making in complex situations such as MCls, training
should support the development of intuitive expertise. Individuals with high intuitive expertise
can draw on previous experience, recognizing when a situation’s relevant cues resemble those

of a prototypical situation they have encountered before (Kahneman & Klein, 2009). This
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allows them to quickly reach a solution without much apparent effort or even conscious
awareness of the reasons for their decisions (Hogarth, 2001). The development of intuitive
expertise is based on accumulated learning experience (Kahneman & Klein, 2009) and depends
on sufficient training time in so-called kind learning environments (Hogarth, 2001). In contrast
to wicked learning environments, kind learning environments provide valid cues that are
representative of the actual performance situation, along with unambiguous and rapid feedback
(Hogarth, 2001, 2010). Simulation training is particularly well suited for creating such
favorable learning conditions by providing a high level of representativeness.

The primary goal of simulation training is to improve performance not only within the
training context, but also in real-life situations (Hutter et al., 2023). To achieve this, a key
requirement for a high-quality simulation is a well-designed training scenario (Hutter et al.,
2023). The principles of Representative Learning Design (Pinder et al., 2011) provide guidance
for developing realistic and effective training scenarios. Originally applied to sport, this concept
has been adapted to first responder contexts such as police training (Hutter et al., 2023). The
central idea is that environmental dynamics must be kept intact in simulation training, allowing
trainees to engage with realistic demands and ensuring optimal transfer of learned skills into
practice. Representative Learning Design argues that learning occurs through a dynamic
interaction between the learner and the environment. To facilitate this process, two key
characteristics are essential for effective training: functionality and action fidelity (Pinder et al.,
2011). Functionality refers to the idea that the same sources of information for decision-making
and action should be present in a training simulation as they would be in real-life performance
situations. Action fidelity emphasizes that the actions performed during training should closely
resemble those that can be performed in real situations. Combining these aspects, trainees
should be exposed to challenges that closely simulate real-world conditions, allowing them to

practice solutions that they can apply in actual performance situations (Hutter et al., 2023). This
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training approach promotes the effective integration of perception and action processes, thereby
increasing the likelihood of successful transfer of skills to real-life performance situations
(Pinder et al., 2011). Ideally, representative simulations even trigger states similar to those that
may occur during real-life task execution, such as stress and anxiety (Hutter et al., 2023).

Although high-fidelity RLEs are considered the gold standard for representative
learning experiences for medical personnel (Tin et al., 2021), difficulties in conducting them
frequently have led to a need for other options that provide authentic learning. Previous research
suggests that immersive learning can complement and enhance traditional training by providing
an authentic learning environment that reinforces the transfer of learning to the real world
(Dede, 2009).

The Cognitive Affective Model of Immersive Learning (CAMIL; Makransky & Petersen,
2021) describes how iVR facilitates knowledge acquisition and learning transfer, emphasizing
the critical role of immersion and realism in virtual training. The effectiveness of learning in
IVR is largely influenced by the concepts of presence — the subjective feeling of actually being
part of the virtual scenario (Slater & Wilbur, 1997) — and agency, which refers to the feeling of
having control over one’s actions and their consequences (Moore, 2016). Technological factors
such as immersion, the ability to exert (immediate) control over the virtual situation (i.e., control
factors), and a realistic virtual experience that closely mirrors the physical world (i.e.,
representational fidelity) promote feelings of presence and agency (Makransky & Petersen,
2021). Affective and cognitive factors such as increased interest, motivation and self-efficacy
mediate the effects of presence and agency. Through these mediating factors presence and
agency have an impact on both the acquisition of factual, conceptual, and procedural knowledge
as well as the transfer of learning (Makransky & Petersen, 2021). The CAMIL, however, is not
based on the idea that immersive virtual technology is always superior to other training

methods, but that the medium interacts with the instructional method. While highlighting the
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potential of immersive learning, successful application requires a careful training evaluation to
ensure that the virtual system is used appropriately and is aligned with the desired learning
processes and outcomes (Makransky & Petersen, 2021).

In terms of MCI training, iIVR and MR may be particularly beneficial because they
provide the opportunity to practice high-risk situations, such as fires and sudden explosions, in
a safe and controlled setting (Murtinger et al., 2021). In addition, vulnerable groups such as the
elderly, children, and people with disabilities can be included virtually, allowing to practice the
interaction with them during MCls (Kent & Hughes, 2022). iVR/MR scenarios can also be
tailored to meet specific training objectives and needs of trainees (Zechner, Kleygrewe, et al.,
2023), and the difficulty can be adjusted continuously to create a difficulty level that leads to
optimal learning without being overwhelming (Gerwann et al., 2024).

Although prior research on immersive learning reported mixed findings for learning
factual and conceptual knowledge, immersive virtual training seems to be promising for
increasing procedural knowledge and transfer to real-life situations (Makransky & Petersen,
2021). Nevertheless, the quality of studies on iVR and learning conducted so far has been
criticized as below average, lacking validated evaluation measures and theoretical grounding
(Jensen & Konradsen, 2018; Makransky & Petersen, 2021). This indicates a need for further

high-quality research systematically testing iVR in learning contexts.

1.3 Stress, Attention, and Performance in iVR and MR MCI training

The integrative framework of stress, attention, and human performance (Vine et al.,
2016) describes the associations between stress, attention, and performance: Facing a stressful
performance situation, individuals consciously or subconsciously assess whether they have
sufficient resources to cope with the situation’s demands. If individuals consider their coping

resources as sufficient, they perceive the situation as challenging. This perception leads to a
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balanced interplay between goal-directed and stimulus-driven attentional systems, which
enables optimal perception of relevant information and ultimately improves task performance.
In contrast, when coping resources are subjectively inadequate, stress arises, and individuals
perceive the situation as threatening. This triggers heightened stimulus-driven attentional
control, leading to increased distractibility and a suboptimal uptake of information, ultimately
resulting in poor task performance.

Based on the framework, training can avoid potential performance losses in two
important ways. First, thorough preparation can help MFRs perceive the situation as
manageable, allowing them to perceive it as a challenge rather than a threat. A central
mechanism for this is the enhancement of self-efficacy (Bandura, 1977). Self-efficacy refers to
the belief in one’s ability to successfully perform the behavior needed to achieve a desired
outcome (Bandura, 1977). Self-efficacy is associated with an increased expectation that the
situation is manageable and with greater coping effort and persistence during adversity
(Bandura, 1977). A particularly influential source of self-efficacy are prior performance
achievements (Bandura, 1977), including those in simulated performance situations (Cardos-
Alonso etal., 2024; Vincent et al., 2008). Consequently, mastery experiences in MCI simulation
training have been shown to increase trainees’ self-efficacy to effectively manage real MCI
situations (Cardds-Alonso et al., 2024; Vincent et al., 2008). Second, the integrative framework
of stress, attention, and human performance suggests that compensatory strategies can be used
to mitigate the negative effects on performance that come with perceiving the situation as a
threat. These compensatory strategies, such as arousal management techniques, can be
developed and reinforced through training.

Overall, training is essential to ensure optimal attention and performance in high-stress
situations such as MCls. Effective training for first responders should be able to induce stress,

allowing trainees to practice under pressure, understand how stress affects their attention and
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performance, and learn strategies how they can counteract this (Hill et al., 2024; Hutter et al.,
2023). Previous research indicates that iVR and MR can be used to create stressful learning
environments and assess changes in attention and performance over time. Immersive virtual
training can elicit psychophysiological stress responses that are barely distinguishable from
those in the physical world (Schone et al., 2023; Zimmer et al., 2019), and has been shown to
induce stress in first responder groups like the police and firefighters (Giessing et al., 2019;
Kleygrewe et al., 2024b; Paletta et al., 2022). Additionally, a study with iVR MCI scenarios
demonstrated that iVR can elicit increased stress levels in MFRs (Prachyabrued et al., 2019),
indicating the suitability of iVR and MR for MCI training.

Furthermore, iVR and MR allow for the implementation of objective visual attention
and performance indicators (Gerwann et al., 2024; Shinnick, 2016). High-quality performance
assessment in simulation-based training is critical to providing structured, systematic training
and accurately evaluating the preparedness of MFRs (Salas et al., 2009). Furthermore,
improvements in attention and performance are key metrics for evaluating training and
comparing training methods (Markou-Pappas et al., 2024). However, there is still a need to
identify appropriate metrics from relevant previous virtual and non-virtual training studies and

test their applicability to iVR and MR MCI training.
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1.4 Dissertation Overview and Research Questions

The overall research aim of this dissertation is to derive evidence-based insights into

whether iVR and MR can be used to train MFRs for MCls. This will enable MFR organizations

to make more informed decisions about the use of these technologies. Figure 1.1 provides an

overview of the main foci of this dissertation. This dissertation aims to answer the following

research questions:

1) What effectiveness indicators can be used to evaluate immersive virtual MCI

training?

2) Can iVR and MR training be used to prepare MFRs for MCIs?

Figure 1.1

Overview of the main foci of this dissertation.

Evaluation
methods for

iVR/MR MCI
training
iVR/MR
MCI
training for
MFRs
Effectiveness of

IVR/MR MCI
training

What effectiveness indicators can
be used to evaluate immersive
virtual MCI training?

Chapter 2, 3, and 4

Can 1iVR/MR training be used to
prepare MFRs for MCls?
* How does it compare to
other training methods?
*  What are strengths,
limitations, and potential
improvements?

Chapter 2 and 3
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Specifically, Chapter 2 systematically reviews prior research on MCI and disaster training
for MFRs. It thereby provides an overview on the training methods that have already been
evaluated and the effectiveness indicators that were used. A particular focus was on iVR and
MR, with the aim of finding out to which extent they have already been tested. It further
includes an overview of the effectiveness of the different methods.

Chapter 3 builds upon the results of Chapter 2, which found that there was no study
testing an MR MCI training that fits the definition of MR in this dissertation, i.e., the integration
of physical objects to an otherwise virtual environment. As a result, Chapter 3 compares an MR
MCI training to the gold standard, RLEs with patient actors, regarding quantitative and
qualitative outcome variables.

While Chapters 2 and 3 suggest the potential of immersive virtual training, results in
Chapter 2 indicated that only few studies used objective performance indicators. The possibility
to implement (at least partially) automated, objective performance assessments may be a
particular strength of iVR and MR. However, there was still a need for the evaluation and
validation of potential performance indicators that can be used for MCI training in immersive
virtual environment. Using performance indicators identified in Chapter 2 as well as other
indicators from medical education research, Chapter 4 evaluates the suitability of different
performance indicators for virtual MCI training.

In Chapter 5, the study results are integrated and discussed, providing an overview of

strengths and limitations as well as future directions and practical implications.
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2.1 Abstract

Background: Adequate training and preparation of medical first responders (MFRs) are
essential for an optimal performance in highly demanding situations like disasters (e.g., mass
accidents, natural catastrophes). The training needs to be as effective as possible, because
precise and effective behavior of MFRs under stress is central for ensuring patients’ survival
and recovery. This systematic review offers an overview of scientifically evaluated training
methods used to prepare MFRs for disasters. It identifies different effectiveness indicators and
provides an additional analysis of how and to what extent the innovative training technologies
virtual (VR) and mixed reality (MR) are included in disaster training research.

Methods: The systematic review was conducted according to the PRISMA guidelines and
focused specifically on (quasi-)experimental studies published between January 2010 and
September 2021. The literature search was conducted via Web of Science and PubMed and led
to the inclusion of 55 articles.

Results: The search identified several types of training, including traditional (e.g., lectures,
real-life scenario training) and technology-based training (e.g., computer-based learning,
educational videos). Most trainings consisted of more than one method. The effectiveness of
the trainings was mainly assessed through pre-post comparisons of knowledge tests or self-
reported measures although some studies also used behavioral performance measures (e.g.,
triage accuracy). While all methods demonstrated effectiveness, the literature indicates that
technology-based methods often lead to similar or greater training outcomes than traditional
trainings. Currently, few studies systematically evaluated immersive VR and MR training.
Conclusion: To determine the success of a training, proper and scientifically sound evaluation
IS necessary. Of the effectiveness indicators found, performance assessments in simulated
scenarios are closest to the target behavior during real disasters. For valid yet inexpensive

evaluations, objectively assessible performance measures, such as accuracy, time, and order of
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actions could be used. However, performance assessments have not been applied often.
Furthermore, we found that technology-based training methods represent a promising approach
to train many MFRs repeatedly and efficiently. These technologies offer great potential to
supplement or partially replace traditional training. Further research is needed on those methods

that have been underrepresented, especially serious gaming, immersive VR, and MR.

Keywords: Emergency medical technicians, emergency medicine, mass casualty incident,

medical education, mixed reality, paramedics, performance, prehospital care, simulation,

virtual reality
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2.2 Background

Natural and man-made disasters such as floods, mass-accidents, and terrorist attacks are
ubiquitous and cause loss of life, human suffering, and infrastructural damage (Centre for
Research on the Epidemiology of Disasters, 2020; Srivastava, 2010). They create particularly
demanding situations for emergency services, as they are unforeseen and usually sudden events
that exceed local capacity and resources to rescue and care (Centre for Research on the
Epidemiology of Disasters, 2020). During such disasters, medical first responders (MFRs), who
are responsible for the initial prehospital care in medical emergencies, play a key role (Alharbi,
2018; Chaput et al., 2007). However, numerous healthcare professionals, including MFRs,
perceive their preparedness for the response to disasters as inadequate (Almukhlifi et al., 2021).
As previous research indicates, a higher training frequency and better training quality are
associated with increased disaster preparedness (Almukhlifi et al., 2021). To enhance the
overall quality of MFR training, the aim of this review is to provide an overview of scientifically
evaluated training methods and to examine whether certain methods seem to be particularly
effective. Furthermore, indicators used to evaluate the training effectiveness will be identified
so that future research can be guided by existing training evaluation methods. Finally, the
emergence of new, immersive technologies, including virtual (VR) and mixed reality (MR;
Milgram & Kishino, 1994), has led to the development of new training programs which are
becoming increasingly accessible to educators in the medical sector (Barrie et al., 2019).
Therefore, we will draw particular attention to the role of immersive technologies by providing
an additional analysis of how and to what extent VR and MR specifically are included in current
disaster training research.

MFRs typically include paramedics and emergency medical technicians (Chaput et al.,
2007), but the term may also refer to physicians, ambulance specialist nurses, and trained

volunteers depending on a country’s emergency medical service systems (Beyramijam et al.,
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2021; Yafe et al., 2019). During disasters, MFRs take on a variety of tasks such as the initial
scene evaluation, triage, medical care, and the transport of patients (Chaput et al., 2007). They
have to perform those tasks under stressful and challenging conditions, such as difficult access
to the disaster site, multiple injured people and disruption in communication systems (Sorani et
al., 2018). In order for MFRs to adapt to these unusual conditions, they require specifically
tailored training.

Effective training involves a systematic and goal-oriented execution of exercises for the
acquisition or increase of specific competences and skills (Altmann, 2019). The general idea of
training is to challenge the current level of performance (e.g., higher intensity, higher difficulty,
new content) without being too overwhelming, so that the trainee can adapt and reach a higher
performance level (Altmann, 2019; Giessing & Frenkel, 2022; Hill et al., 2020; Hill et al., 2021,
Kiefer et al., 2018). However, training resources, including time, budget, and facilities, are
usually limited. Therefore, training methods must be not only effective, but also match the
resources of the rescue organization.

Despite the necessity of adequately preparing MFRs for disasters, no systematic and up-
to-date overview of scientifically evaluated training methods and their effectiveness exists.
Ingrassia and colleagues conducted an internet-based search via Google and Bing and identified
several disaster management curricula at a postgraduate level with a large variety of methods,
e.g., lectures and discussion-based exercises (Ingrassia, Foletti, et al., 2014). The trainings’
effectiveness, however, was not evaluated. Assessing studies published between 2000 and
2005, Williams and colleagues (2008) concluded that the available evidence had not been
sufficient to determine whether disaster training can effectively increase the knowledge and
skills of MFRs and in-hospital staff. Because these findings are derived from studies conducted
more than 15 years ago, new insights have most likely emerged and new training methods may

have been added following recent technological advances.
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Two of those new methods are VR and MR. In VR training, users are placed inside a
simulated, artificial, three-dimensional environment in which they can interact with their digital
surroundings (Milgram & Kishino, 1994). VR can either be screen-based using computer
monitors or experienced in more immersive forms: Through head-mounted displays or certain
rooms equipped with several large screens or projections on several walls (i.e., CAVE system;
Giessing, 2021; Milgram & Kishino, 1994). In contrast, mixed reality combines the real and
virtual worlds and refers to the whole spectrum between reality and VR. MR, for example,
includes augmented reality (AR) in which users see their real surroundings supplemented with
virtual objects (Milgram & Kishino, 1994). A specific application from the medical field may
be the visual insertion of patient information during practice. Given the rapid development of
immersive technology, this review provides an additional analysis of the role of VR and MR
training.

Altogether, the following research questions are addressed:
1. Which current disaster training methods for MFRs have already been scientifically
evaluated?
2. Which effectiveness indicators are used to evaluate MFR disaster training methods?
3. Based on the findings of the reviewed studies, which methods for MFR disaster training
seem to be effective?

4. How and to what extent are VR and MR used to prepare MFRs for disasters?

2.3 Methods

The preregistered (osf.io/lyn5v3) systematic literature search was conducted in

accordance with the PRISMA guidelines (Moher et al., 2015).
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2.3.1 Search strategy

The search strategy was prepared with support of a medical information specialist to
ensure the appropriateness of the search terms. Using the search engines Web of Science and
PubMed, we applied search terms such as health personnel, training, and disaster (see
Additional File 2.1t for the search string). To ensure that the results reflect current training
methods, the electronic search was limited to studies published between January 2010 and

September 2021. A filter limited our results to studies with a full text in English.

2.3.2 Inclusion and exclusion criteria

We included articles that described a training or training session (e.g., drill, lectures,
mixed methods training, etc.) conducted to improve the participants’ prehospital disaster
response. The training had to address prehospital content, but was allowed to also contain in-
hospital topics. Participants had to be MFRs, regardless of whether they were still in training
or already had work experience. In addition, to ensure adequate assessments of the
effectiveness, we only considered (quasi-)experimental designs in which outcomes were
compared to a control or comparison group [i.e., randomized controlled trials (RCTs), non-
RCTs and at minimum pre-post testing of the same group; (Evans, 2003; Stratton, 2019)].

We excluded studies that a) did not test the effectiveness of a disaster training for MFRs,
b) contained other occupational groups or not sufficiently specified groups (e.g., “others”) in
addition to MFRs without reporting separate analyses for the MFRs, ¢) were not primary studies

published in peer-reviewed journals, and d) had no full-text available.

! Please note that in this dissertation, chapter numbers have been added to numbers of tables, figures, and
supplementary files for clearer identification.
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2.3.3 Selection process

The search was conducted on 28™ October 2021 and led to 4533 hits (Figure 2.1).
Duplicates were identified with the software Endnote™ (Version 20.1) and additional visual
screening. Two raters (ASB and RW) independently screened the remaining hits and performed
the study selection using the web application Rayyan (Ouzzani et al., 2016). Discrepancies in
the study selection process were resolved by consensus or, if necessary, together with a third

rater (YH). Fifty-five studies were included in the review.

2.3.4 Data collection and analysis

Two raters (ASB and RW) extracted the relevant information for each article. Again,
discrepancies were resolved by consensus, and when necessary together with the third rater
(YH). Whenever studies used multiple methods at different time points we only considered
those applied between the pre- and post-measurement. For trainings evaluated in (non-)RCTs
without a pre-test, methods must have been applied before the post-test comparison with control
groups. Similarly, only effectiveness indicators with sufficient informative value about training
success or failure were considered (i.e., indicators used for pre-post comparisons or for
comparisons with control groups). To assess the studies’ quality and risk of bias, we used the
Joanna Briggs Institute (JBI) critical appraisal checklists for RCTs and quasi-experimental
studies (Tufanaru et al., 2020). The JBI tool for quasi-experimental studies contains nine
questions and the JBI tool for experimental studies consists of 13 questions (e.g., “Were
outcomes measured in a reliable way?”). There are four possible answer options: yes, no,

unclear, not applicable. The answer yes indicates quality while no indicates a risk of bias.
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Figure 2.1

Flow diagram of study selection.
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2.4 Results

The majority of studies used a single group pre-post design (k=35). Other study designs
included non-RCTs (k=6) and RCTs (k=14) with 15 out of 20 containing pre-post testing (see
Table 2.1 for a full overview and Additional File 2.1: Table 2.1 for further information). The
sample sizes varied largely between studies (range: 6 — 524). Trainings took place on several
continents with the majority of trainings conducted in North America (k=24), followed by Asia
(k=18), Europe (k=8), Australia and Africa (both k=2), unclear (k=1). The majority of tested
trainings addressed general disaster management or several disaster-related topics (k=31),
followed by triage (k=14), trauma management/sonography (k=3) etc. Furthermore, the time

spans varied between one day or less (k=22) to up to eight months (k=33).

2.4.1 Research question 1: Overview of training methods

The majority of studies reported trainings that contain a combination of several methods,
either in the intervention group, control group, or in both (k=42). Training methods could be
categorized into traditional and technology-based methods (Figure 2.2). Traditional categories
reflect lectures, real-life scenario training (e.g., mass casualty incident simulations with actors
or manikins), discussion-based training (including seminars, workshops, in-class games,
tabletop exercises), practical skills training (e.g., regional anesthesia), field visits (e.g., the visit
of disaster affected sites or riding with the prehospital physician vehicle), and debriefings. In
contrast, the technology-based category is composed of computer-based learning (i.e., online
learning, educational computer programs), screen-based serious gaming, educational videos,
and VR/MR. The term serious gaming refers to computer-based learning that additionally

contains game elements, such as cooperation, competition, and stories (Ma et al., 2021).
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Table 2.1

Overview of included studies.

First

author, Stu_dy N? Professions Training Training methods E_)uratlon, Effectiveness indicators Effe(_:tlven_ess
year design content timespan confirmation
No sign.
Aghababaei - ot Paramedics IG: Educational video Basic knowledge test difference
anetal. 144 : Triage 0.5h, 1 day between groups
(pre-post) EMTs . . . -
(2013) CG: Real-life scenario . . IG partially better
Applied knowledge test (triage accuracy)
than CG
Single Emergency
Alenyo et medical General disaster . NA, . .
al. (2018) group, 129 service management Not specified NA Applied knowledge test (triage accuracy) Yes
pre-post .
providers
Alim et al Single Nursing General disaster ~ Not sufficiently clear 8h .
" group, 309 2 ! Basic knowledge test Yes
(2015) ore-post students management (“in-class training”) 1 day
Lower extremity
. Single . regional . .
Aluisio et group, 12 Physicians, anesthesia for D|§cy55|on-ba_sed . 5.25h, Basic knowledge test Yes
al. (2016) nurses training, practical skills 1 day
pre-post earthquake
victims
Basic knowledge test CG better than 1G
IG: Lecture, VR with g (effect sizes only)
Andreatta  Stratified CAVE NA -
etal RCT (pre- 15 Physicians Triage ) da’1 Observed p_erformance with a self-
(2010) post) CG: Lecture, real-life y developed instrument to compose an IG better than CG

scenario

overall performance score during real-life
/ VR simulation (e.g., ensure safety on
scene, call for additional help, accuracy)

(effect sizes only)
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IG (use of virtual animal
model): Discussion-based
training, real-life scenario,

Basic knowledge test

Observed performance with a previously
validated instrument (Andreatta et al.,

Andreatta Nurses, . . ... computer-based learning 2014) to com n overall performan Yes, for bOth
et al Non-RCT 204 paramedics, Cholinergic crisis 4h, ) to compose an overall performance groups (no sign.
' (pre-post) medical management ) 1 day score during real-life simulation (multiple  gj¢ference
(2015) students CG (use of virtual human performance dimensions associated With  peryeen groups)
model): Discussion-based managing a nerve agent casualty)
Eﬁ\méﬂ%érr-%ﬂsggel :gre: i?%o’ Self-reports of self-efficacy and state
affect
Lecture, discussion-based
. Single . . training, real-life scenario,
Bajow etal. group, 29 Medical General disaster VR on screen, educational 53h, Basic knowledge test Yes
(2016) students management . Do . 2 weeks
pre-post video, debriefing, field
visit
Self-rep. interprofessional collaborative Partially
competencies confirmed
Single Medical _ _ _ N :
Betka et al. rou 17 students, General disaster ~ Discussion-based training, NA, Self-rep. disaster management Yes
(2021) gr P, t nursing management computer-based learning NA competence
pre-pos students?
Self-rep. self-confidence in managing Partially
disasters confirmed
Chan et al. Single Nursing General disaster LeptL_Jre, dlscu_ssmn-t_)ased NA, L .
(2010) group, 138 students management tralnln_g,_practlcal skills, 2 weeks Self-rep. competence in disaster nursing  Yes
pre-post field visit
single _ . . . Basic knowledge test No
Chandra et rou 76 Professional Psychological Lecture, discussion-based  2h
al. (2014) gre- pc;st volunteers first aid training, educational video 1 day Self-rep. capability in using v
pre-p psychological first aid €s
. Basic knowledge test Partl_ally
Single . . . . confirmed
Chou et al. group 48 Medical General disaster LeptL_Jre, dlscu§5|on-base_d NA, Self-rep. willingness to pursue further
(2021) o students management training, real-life scenario 2 days trainin No
pre-post g
Interest in disaster training No




Single

Cicero et rou 50 Phvsicians Triage Lecture, real-life scenario,  3.5h, Observed triage performance during real- Yes
al. (2012) gre-rfgst 4 g debriefing 5 months  life simulation (accuracy)
. Paramedics, . .
Cicero et Single EMTs, . Real.-lnfe scenarto, on, Observed triage performance during real-
group, 261 . Triage debriefing, computer-based 6.5 e . Yes
al. (2017) paramedic . life simulation (accuracy)
pre-post learning months
students
Basic knowledge test No
Cowling et Single EMTs in General disaster  Real-life scenario, NA,
group, 26 L o Self-rep. knowledge Yes
al. (2021) pre-post training management debriefing 1 day
Self-rep. confidence in managing a v
. es
structural collapse scenario
IG1: lecture, other (aid
memoire) Yes, all IGs
RCT ) improved with the
;ugg:%et (only 292 Paramedics Triage G2 lecture Hﬁ Applied knowledge test (triage accuracy) greatest
. post) IG3: other (aid memoire) improvements in
' IG1 and 1G3
CG: no intervention
Observed triage performance during real-
Single life simulation (time + accuracy + overall
Dittmar et rog 19 Paramedics? Triage Lecture 0.75h,1  performance score assessed with a self- Yes
al. (2018) gre— pést g day developed instrument that incorporated
pre-p e.g., accuracy, time, airway handling and
bleeding control measures)
Interacting with . Partially
Sinale Emergency individuals with Basic knowledge test confirmed
Edinger et rog 19 medical developmental Computer-based learnin 1h,
al. (2019) gre- po’st service disabilities P g 1 day Self-rep. self-efficacy for caring for Yes
pre-p providers during disaster developmentally disabled individuals
response
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IG: computer-based
learning, VR on screen

IG partially better
but CG improved

Farraetal. RCT (pre- 47 Nursing General disaster NA, Basic knowledae test as well (within-
(2013) post) students management . NA g group effect of CG
CG: computer-based
; not tested for
learning S
significance)
Fernandez-  Single . Change in self-perception (number of .
Pacheco et  group, 35 L\:S;‘:t% Triage Debriefing with video Eﬁ behaviors, moments, thoughts, feelings, EgrztfliilrLye d
al. (2017)  pre-post strengths + weaknesses being described)
Single .
Foronda et Nursing : Lecture, VR on screen, 1.25, . .
al. (2016) group, 6 students Triage debriefing 1 day Applied knowledge test (triage accuracy) No
pre-post
IG with a training focus on ISetIf-rep;c attl_tudel todwar(:_s q
. handoff communication: [nerprotessionat éducation an
Nursing . - interprofessional healthcare teams
. lecture, real-life scenario,
Fursethet  Non-RCT 189 students, General disaster debriefin NA, IG partiallv better
al. (2016)  (pre-post) paramedic management g 1 day Self-rep. confidence P y
students CG: lecture, real-life
scenario, debriefing Satisfaction with the training
Single . . . Self-rep. ethical reasoning confidence
Greco et al. Nursing . Real-life scenario, NA,
(2019) group, 90 students Triage debriefing NA : : : : es
pre-post perceived importance of ethical reasoning
IG: Lecture, discussion- Basic knowledge test
Huh and RCT (pre- Nursing General disaster ba_sed tramlng, pract_lcal 8h,
Kang 60 skills, educational video Yes
post) students management 4 weeks . .
(2019) Self-rep. disaster readiness
CG: No intervention
Hutchinson  Sinale Lecture, discussion-based
g Nursing General disaster  training, real-life scenario, NA, . Partially
etal. group, 81 : - Basic knowledge test .
students management educational video, NA confirmed
(2011) pre-post

computer-based learning




RCT (pre- No sign.
post) IG: Lecture, VR on screen Triage performance observed during real- difference
Ingrassia et 56 Medical Triage NA, life/virtual simulation (accuracy of triage  between groups
al. (2015) Cross- students g CG: Lecture, real-life 3 days decisions and of decisions about the need  but both groups
over scenario training for lifesaving treatments + time) improved
design significantly
Ingrassia, : ; fon. ini Basic knowledge test
Ragazzoni, Single Medical General disaster Discussion-based training, 47h,
group, 524 computer-based learning, Yes
etal. students management debriefi 1 month ) )
(2014) pre-post ebrieting Applied knowledge test (triage accuracy)
James et al. Single Nursing General disaster  Real-life scenario, 4h, Self-rep. attitudes towards teamwork in
group, 34 i . Yes
(2021) pre-post students management debriefing 1 day training
Jones et al. Single Paramedics, Active shooter . . 4h, Self-rep. preparedness and attitudes Yes (.but only
group, 224 e Lecture, real-life scenario . L descriptive
(2014) EMTs incident response 1 day towards active shooter incident response s
pre-post statistics)
Kim and Single Nursing General disaster Le?“.”e’ dlscu§S|on-basgd 3h, Self-rep. attitudes towards responding to
group, 34 training, real-life scenario, Yes
Lee (2020) students management - 1 day MCls
pre-post debriefing
Accuracy: I1G
IG: lecture, serious gaming Observed triage performance during real- better than CG,
. Non-RCT Physicians, with VR on screen e 1age pe g step accuracy: 1G
Knight et . NA, life simulation (triage accuracy + .
(only 91 nurses, Triage . . partially better,
al. (2010) . . . . NA compliance with the correct procedure + . .
post) paramedics CG: lecture, discussion- . time: no sign.
L time) .
based training difference
between groups
Koca and IG: computer-based
RCT (pre- Nursing General disaster  learning 11h, Self-reports of preparedness and self-
Arkan 235 . Yes
post) students management 2 weeks  efficacy
(2020) o .
CG: no intervention
IG1: lecture, VR with
Familiarization HMD Observed performance in a real Yes, for both 1Gs
. RCT . ambulance bus (orientation in ambulance  with better results
Koutitas et with the . . NA, : . .
(only 30 EMTs IG2: lecture, AR with a bus; accuracy + time + overall in IG1 (only
al. (2021) ambulance bus . 1 week o
post) (AMBUS) head-mounted display performance score calculated from descriptive

CG: lecture, field visit

accuracy and time)

statistics reported)

37



Chapter 2 |

Kuhls et al. S:ggle 78 Physicians, General disaster Not specified 8h, Self-rep. confidence to manage disaster Yes
(2017) gre-rfgst nurses? management P 1 day scenarios
Lampi et . S:ggle 153 Physicians Trauma life Lecture, discussion-based  NA, Applied knowledge test (triage accuracy) No
(2013) gre-&st Y support training, practical skills NA PP g g y
. . Emergency Self-rep. knowledge
k/legr?tglrjllgi S:ggle 83 medical General disaster Discussion-based trainin NA, Yes
L (2015 group, ¢ services management 9 3 days
al. (2015)  pre-pos providers? Self-rep. skills
IG: screen-based serious
gaming
Ma et al. RCT (pre- Nursing General disaster 2h, 3 - .
(2021) 0ost) 104 students management CG: discussion-based NA Self-rep. competence in disaster nursing  1G better than CG
training, real-life scenario,
practical skills, debriefing
Merlin et S:ggle 6 Medical General disaster  Lecture, practical skills, 34.5h, Self-rep. knowledge Yes
al. (2010) ;g)re-g)c;st students management field visit/clerkship 4 weeks  Self-rep. opinions about prehospital
issues
Triage performance (accuracy) during cl;li?lergp\;:e
RCT real-life/VR simulation b
(only etween groups
Mills et al. post) Paramedic . 1G: VR with HMD NA, . . Greater immersion
29 Triage Immersion (via heart-rate and self-rep.) . . L
(2020) Cross- students CG: real-life scenario 1 day in real-life training
over No sign.
design . . . .
Learning satisfaction difference
between groups
. . . Basic knowledge test Yes
Managing IG: Educational video . _
Motolaet ~ RCT (pre- 91 Paramedics CBRNE NA, Observed performance in treating a
al. (2015)  post) incidents Wiaiting CG: no NA CBRNE patient (overall performance Partially
intervention score assessed with an instrument based  confirmed

on a previous study; Scott et al., 2006)




IG1: Educational video,
computer-based learning

No sign.
difference
between groups

Stratified Physicians, ?ggﬁgsgltal Basic knowledge test but all trainings
Paddock et RCT (pre- 36 nurses, assessment with CG: Educational video, 4h, led to significant
al. (2015) P paramedics, : practical skills 1 day improvement
post) sonography in
EMTs trauma Observed sonography performance
IG2: Both of the trainings (overall performance scores for image no sign. difference
above acquisition and interpretation assessed between groups
with a self-developed instruments)
Phattharapo Single .
rnjaroen et  group, 52 Physicians General disaster Discussion-based training NA, Self-rep. knowledge Yes
management 2 days
al. (2020) pre-post
Pollard et Single Medical General disaster ~ Lecture, real-life scenario, NA, .
group, 41 . Basic knowledge test Yes
al. (2015) pre-post students management computer-based learning 8 months
Basic knowledge test
Pouraghaei  Single . . Applied knowledge test (triage accuracy)
et al rou 205 EMTs Triage Lecture, discussion-based  2h, Yes
(201'7) gre- pc;st g training 1 day Observed performance of managing the
pre-p jaw trust airway maneuver (overall
performance score via expert evaluations
of success vs. failure)
Basic knowledge test Yes
Ripoll- Sinale Zz?ﬂizlggggffod training, Observed performance in real-life
P g - General disaster . ) NA, simulation in a low-resource emergency
Gallardo et  group, 8 Physicians educational videos, h Il perf d Yes
al. (2020) pre-post management computer-based learning 6 months room (overall performance score assesse
' field visits ' with the TIGR (Franc et al., 2017))
Self-rep. attitude towards disaster No
management domains
Lecture, discussion-based
L. Single . training, real-life scenario,
Rivkind et group, 3093 Medical Trauma practical skills, educational 77h, Basic knowledge test Yes
al. (2015) students management - 2 weeks
pre-post video, computer-based

learning, debriefing
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. Single . )
Saiboon et group, 168 Medical General disaster Educational video 0.5h, Basic knowledge test Yes
al. (2021) ore-post students management 7 days
Scott et al. Single Medical General disaster . . 3h, Basic knowledge test Yes (_bu'g only
group, 61 Lecture, real-life scenario descriptive
(2010) pre-post students management 1 day Self-rep. knowledge statistics)
Basic knowledge test No
Sena et al. S:ggle 29 Phvsicians General disaster  Lecture, discussion-based  2h, Self-ren. confidence Yes
(2021) gre- pc;st Y management training, debriefing 1 day P-
pre-p Perceived importance of disaster No
medicine training
NUrsin Lecture, discussion-based
Smith et al Single Nursin Ieaders?\i skills training, real-life scenario, 8h
" group, 65 9 S P VR on screen with ! Self-rep. self-efficacy Yes
(2015) students in disaster - . 1 day
pre-post movement tracking via
response
webcam
Single . . . .
Unver et al. rou 87 Nursing General disaster  Lecture, real-life scenario, NA, Self-rep. disaster preparedness Yes
(2018) gre—p?(;st students management debriefing 8 weeks . prep
Non-RCT IG: computer-based
(pre- Iea.rnin P Basic knowledge test IG better than CG
Wiese etal. post), Nursing General disaster g NA,
80
(2021) Cross- students management . . . NA No sign.
over dci'ri%:‘?ﬁ“cal skills, Perceptions about learning difference
design g between groups
IG: lecture, discussion- . Partially
based training, real-life Basic knowledge test confirmed
Xia et al. RCT (pre- 63 Nursing General disaster S(_:enario, ed_uc_ational 7h, Self-rep. attitude (one score combining No sian
(2020) post) students management video, debriefing NA attitudes towards the training, towards differgn;:e
disaster preparedness and family disaster bet
CG: No intervention preparation) etween groups
Yanagawa  Non-RCT IG: Lecture, real-life Observed performance of whole team
et al g (onl 63 EMTs General disaster  scenario, practical skills NA, during real-life simulation (accuracy + No
' Y management 1 day overall performance score assessed with a

(2018) post) CG: No intervention self-developed instrument)




Basic knowledge test

IG: VR on screen, Observed performance during real-life
discussion-based training, simulation (overall performance score IG better than CG;
_ real-life scenario assessed with the self-developed CG improved as
(2021) post) management CG: Lecture, discussion- 3 months  “Opserved performance in technical skills  9rouP effects not
based training, real-life (overall performance score assessed with  tested for
scenario, practical skills a self-developed instrument) significance
Self-rep. disaster preparedness
Basic knowledge test IG better than CG
IG: Lecture, discussion- -
RCT . . . No sign.
Zheng et Medical . based training NA, Observed triage performance (accuracy + .
(pre- 103 Triage ; - e . difference
al. (2020) students 3 weeks  time) during real-life simulation
post) CG: Lecture between groups
IG partially better

Satisfaction with training than CG

Note. Number of participants in analyses. 20Only referring to relevant subsample as there were separate analyses reported. 3number refers to trainees from the years 2010-

2012. Sign. = significant, CG = control group, I1G = intervention group, HMD = head-mounted display; Self-rep. = self-reported.
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Figure 2.2
Overview of the distribution of traditional and technology-based training methods.

Note that several methods can be combined in a single article.
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2.4.2 Research question 2: Effectiveness indicators
The trainings were evaluated with several effectiveness indicators, including knowledge

and performance, but also self-reported measures (Figure 2.3).
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Figure 2.3
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Effectiveness indicators with the number of articles that used them.
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Note. Note that several indicators can be combined in a single article.
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Most frequently, knowledge gain was used as an indicator. Knowledge was mainly
assessed with a basic knowledge test on the training content, often in a multiple-choice format.
Some studies used an applied knowledge test that consisted of a written test with several patient
descriptions which had to be classified into triage categories. Less than one third of the studies
used performance as an indicator. Performance assessments were frequently conducted in triage
simulations (Andreatta et al., 2010; Cicero et al., 2012; Cicero et al., 2017; Dittmar et al., 2018;
Ingrassia et al., 2015; Knight et al., 2010; Mills et al., 2020; Yanagawa et al., 2018; Zheng et
al., 2020) but also in in other contexts, e.g., the management of patients affected by chemical,
biological, radiological, nuclear and/or explosive events (CBNRE; Andreatta et al., 2015;
Motola et al., 2015) and the execution of specific medical procedures (Paddock et al., 2015;
Pouraghaei et al., 2017). Several of those studies focused on measures that could be determined
easily and relatively well objectively, including accuracy of triage or treatment decisions
(Cicero et al., 2012; Cicero et al., 2017; Dittmar et al., 2018; Ingrassia et al., 2015; Knight et
al., 2010; Koutitas et al., 2021; Mills et al., 2020; Yanagawa et al., 2018; Zheng et al., 2020),
time needed (Dittmar et al., 2018; Ingrassia et al., 2015; Knight et al., 2010; Koutitas et al.,
2021; Zheng et al., 2020) or compliance with the correct procedure (Knight et al., 2010). In ten
studies, raters composed an overall performance score based on several criteria (Andreatta et
al., 2015; Andreatta et al., 2010; Dittmar et al., 2018; Koutitas et al., 2021; Motola et al., 2015;
Paddock et al., 2015; Pouraghaei et al., 2017; Ripoll-Gallardo et al., 2020; Yanagawa et al.,
2018; Zhang et al., 2021), e.g., the evaluation of safety on site (Andreatta et al., 2010; Yanagawa
et al., 2018) and airway/breathing interventions (Andreatta et al., 2010; Dittmar et al., 2018).
Three of those studies used already existing assessment instruments, either for treating CBNRE
patients (Andreatta et al., 2015; Motola et al., 2015) or for single patient care in low-resource
countries (Ripoll-Gallardo et al., 2020). Only one study used team performance as a measure

of effectiveness by letting raters compose an overall team performance score for the
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management of simulated disaster scenes (Yanagawa et al., 2018). All other studies measured
individual performance only. Furthermore, several studies used self-reported measures,
including preparedness/readiness (Huh & Kang, 2019; Jones et al., 2014; Koca & Arkan, 2020;
Unver et al., 2018; Zhang et al., 2021) and (self-) confidence (Betka et al., 2021; Cowling et
al., 2021; Furseth et al., 2016; Greco et al., 2019; Kuhls et al., 2017; Sena et al., 2021). In
addition to knowledge, performance and self-reported measures, one study compared the level

of immersion in VR to real-life scenario training (Mills et al., 2020).

2.4.3 Research question 3: Effectiveness of training methods
All training methods demonstrated certain effectiveness, as most studies reported
positive or at least partially positive effects of the different methods (see Table 2.2 for an

overview of the methods’ effectiveness).

Table 2.2

Effectiveness of methods.

Method Indicator
Lectures Knowledge

No effect found

Chandra et al. (2014),
Sena et al. (2021),
Foronda et al. (2016),
Lampi et al. (2013)

Confirmed Partially confirmed

Cuttance et al. (2017), Chouetal. (2021),
Pouraghaei et al. (2017), Xia et al. (2020),

Huh and Kang (2019), Hutchinson et al. (2011)
Scott et al. (2010),

Bajow et al. (2016),

Pollard et al. (2015),

Rivkind et al. (2015)

Performance Dittmar et al. (2018), Yanagawa et al. (2018)
Cicero et al. (2012),
Ingrassia et al. (2015),
Pouraghaei et al. (2017)

Self-rep. Huh and Kang (2019),

preparedness Jones et al. (2014),

Unver et al. (2018)
Self-rep. knowledge Chan et al. (2010),
and competence Scott et al. (2010),

Chandra et al. (2014),

Merlin et al. (2010)
Self-rep. confidence Sena et al. (2021)

Self-rep. self- Smith et al. (2015)

efficacy

Further self-rep. Jones et al. (2014), Chou et al. (2021),
measures Merlin et al. (2010), Sena et al. (2021),

Kim and Lee (2020)

Xia et al. (2020)
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Method

Indicator

Confirmed Partially confirmed No effect found

Real-life  Knowledge

scenario
training

Andreatta et al. (2015),  Chou et al. (2021), Cowling et al. (2021)
Bajow et al. (2016), Xia et al. (2020),

Ripoll-Gallardo et al. Hutchinson et al. (2011)

(2020), Scott et al. (2010),

Rivkind et al. (2015),

Pollard et al. (2015)

Performance

Andreatta et al. (2015), Yanagawa et al. (2018)
Cicero et al. (2012),

Cicero et al. (2017),

Ripoll-Gallardo et al.

(2020), Ingrassia et al.

(2015)

Self-rep.
preparedness

Jones et al. (2014),
Unver et al. (2018)

Self-rep. knowledge
and competence

Cowling et al. (2021),
Scott et al. (2010)

Self-rep. confidence

Cowling et al. (2021),
Greco et al. (2019)

Self-rep. self-
efficacy

Andreatta et al. (2015),
Smith et al. (2015)

Further self-rep.
measures

Andreatta et al. (2015), Ripoll-Gallardo et al.
Jones et al. (2014), (2020), Xia et al. (2020),
Greco et al. (2019), Chou et al. (2021)
James et al. (2021),

Kim and Lee (2020)

Discus-
sion-
based
learning

Knowledge

Aluisio et al. (2016), Chou et al. (2021), Chandra et al. (2014),
Andreatta et al. (2015), Xia et al. (2020), Sena et al. (2021),
Ingrassia, Ragazzoni, et Hutchinson et al. (2011) Lampi et al. (2013)
al. (2014),

Huh and Kang (2019),

Pouraghaei et al. (2017),

Bajow et al. (2016),

Ripoll-Gallardo et al.

(2020), Rivkind et al.

(2015), Zheng et al.

(2020)

Performance

Andreatta et al. (2015),
Pouraghaei et al. (2017),
Ripoll-Gallardo et al.
(2020)

Self-rep.
preparedness

Huh and Kang (2019)

Self-rep. knowledge
and competence

Lennquist Montan et al. Betka et al. (2021)
(2015),

Phattharapornjaroen et

al. (2020),

Chan et al. (2010),

Chandra et al. (2014)

Self-rep. confidence

Sena et al. (2021) Betka et al. (2021)

Self-rep. self- Andreatta et al. (2015),

efficacy Smith et al. (2015)

Further self-rep. Andreatta et al. (2015), Ripoll-Gallardo et al.
measures Kim and Lee (2020) (2020), Sena et al. (2021),

Chou et al. (2021),
Xia et al. (2020)
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Method Indicator Confirmed Partially confirmed No effect found
Practical Knowledge Aluisio et al. (2016), Lampi et al. (2013)
skills Paddock et al. (2015),
training Rivkind et al. (2015),
Huh and Kang (2019)

Performance Yanagawa et al. (2018)

Self-rep. Huh and Kang (2019)

preparedness

Self-rep. knowledge
and competence

Merlin et al. (2010),
Chan et al. (2010)

Self-rep. confidence

Self-rep. self-
efficacy
Further self-rep. Merlin et al. (2010)
measures
Field Knowledge Bajow et al. (2016),
visit Ripoll-Gallardo et al.
(2020)
Performance Ripoll-Gallardo et al.
(2020)
Self-rep.
preparedness
Self-rep. knowledge Merlin et al. (2010),
and competence Chan et al. (2010)
Self-rep. confidence
Self-rep. self-
efficacy
Further self-rep. Merlin et al. (2010) Ripoll-Gallardo et al.
measures (2020)
Debrief- Knowledge Cicero et al. (2012), Xia et al. (2020) Cowling et al. (2021),
ing Cicero et al. (2017), Sena et al. (2021),
Bajow et al. (2016), Foronda et al. (2016)
Ingrassia, Ragazzoni, et
al. (2014),
Rivkind et al. (2015)
Performance
Self-rep. Unver et al. (2018)
preparedness
Self-rep. knowledge Cowling et al. (2021)
and competence
Self-rep. confidence Cowling et al. (2021),
Sena et al. (2021),
Greco et al. (2019)
Self-rep. self-
efficacy
Further self-rep. Greco et al. (2019), Fernandez-Pacheco et  Xia et al. (2020)
measures Kim and Lee (2020), al. (2017)
James et al. (2021)
Com- Knowledge Andreatta et al. (2015),  Edinger et al. (2019),
puter- Paddock et al. (2015), Hutchinson et al. (2011)
based Ripoll-Gallardo et al.
learning (2020), Ingrassia,

Ragazzoni, et al. (2014),
Pollard et al. (2015),
Rivkind et al. (2015)
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Method Indicator Confirmed Partially confirmed No effect found
Performance Cicero et al. (2017),
Andreatta et al. (2015),
Ripoll-Gallardo et al.
(2020)
Self-rep. Koca and Arkan (2020)
preparedness

Self-rep. knowledge
and competence

Betka et al. (2021)

Self-rep. confidence

Betka et al. (2021)

Self-rep. self-
efficacy

Koca and Arkan (2020),

Edinger et al. (2019),
Andreatta et al. (2015)

Further self-rep.

Andreatta et al. (2015)

Ripoll-Gallardo et al.

measures (2020)
Educa- Knowledge Motola et al. (2015), Xia et al. (2020), Chandra et al. (2014)
tional Saiboon et al. (2021), Hutchinson et al. (2011)
videos Huh and Kang (2019),
Bajow et al. (2016),
Ripoll-Gallardo et al.
(2020),
Paddock et al. (2015),
Rivkind et al. (2015)
Performance Ripoll-Gallardo et al. Motola et al. (2015)
(2020)
Self-rep. Huh and Kang (2019)
preparedness
Self-rep. knowledge Chandra et al. (2014)
and competence
Self-rep. confidence
Self-rep. self-
efficacy
Further self-rep. Ripoll-Gallardo et al.
measures (2020), Xia et al. (2020)
VR (on  Knowledge Bajow et al. (2016) Foronda et al. (2016)
screen) performance Ingrassia et al. (2015)
Self-rep.
preparedness

Self-rep. knowledge
and competence

Self-rep. confidence

Self-rep. self-
efficacy

Smith et al. (2015)

Further self-rep.
measures

Note. Bold numbers? indicate that the study tested the method as a sole training method; Self-rep. = self-reported;

Self-reported preparedness also covers readiness; Self-reported knowledge and competence also covers self-

reported capability and skills; Note that the table only lists studies that test pre-post comparisons of a training,

while between-method comparisons are described in the text; The categories serious gaming and immersive VR

are not part of this table because the studies in which they were used focused on between-method comparisons.

2 The officially published article used a citation style with numbers. For consistency, the chapters of this
dissertation use the APA 7 citation style.
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Lectures were mostly used in combination with other methods and often served the
initial theoretical knowledge transfer (Chandra et al., 2014; Chou et al., 2021; Kim & Lee, 2020;
Merlin et al., 2010; Scott et al., 2010; Sena et al., 2021; Xia et al., 2020). There were three
studies in which only lectures occurred between the pre-test and post-test. Two of these
evaluated educational refresher sessions and reported a positive impact on knowledge (Cuttance
et al., 2017) and performance (Dittmar et al., 2018). The third one concluded that lectures led
to similar performance but lower knowledge gain and partially lower training satisfaction than
the combination of lectures and discussion-based training (Zheng et al., 2020). Multimethod
trainings with lectures showed mixed results regarding knowledge and performance but positive
effects on self-reports of preparedness, knowledge, competence, confidence, and self-efficacy.

Real-life scenario training was often similarly or less effective compared to technology-
based training. Studies that compared real-life scenario training to either educational videos
(Aghababaeian et al., 2013) or VR (Mills et al., 2020) reported a partially lower impact of real-
life practice on knowledge (Aghababaeian et al., 2013) and similar impacts on performance
(Mills et al., 2020) and training satisfaction (Mills et al., 2020). In combination with other
methods, the training also resulted in similar (Ingrassia et al., 2015) or slightly lower (Andreatta
et al., 2010) performance but greater knowledge gain (Andreatta et al., 2010) than VR training
and lower self-reported competence than serious gaming (Ma et al., 2021).
Discussion-based learning was often combined with other methods and resulted in mixed
knowledge outcomes but at least partially positive effects on performance and self-reports of
preparedness, competence, confidence, and self-efficacy. However, two studies reported
smaller performance improvements (Knight et al., 2010) and self-reported competence gain
(Ma et al., 2021) than trainings that contained serious gaming.
Practical skills training was never tested as a sole method. Compared to technology-based

training, multimethod training with practical skills exercises always resulted in similar or
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smaller effects. Trainings containing practical skills exercises led to similar (Paddock et al.,
2015) or lower (Wiese et al., 2021) knowledge gain as well as similar performance levels
(Paddock et al., 2015) and self-reported learning gains (Wiese et al., 2021) than trainings that
contained computer-based learning instead. Furthermore, multimethod training with practical
skills exercises resulted in lower performance, self-reported preparedness, and self-reported
competence than screen-based VR (Zhang et al., 2021) and lower self-reported competence
than serious gaming (Ma et al., 2021).

Field visits were part of five trainings and varied considerably in their content and
length. Evidence suggests positive effects on knowledge, performance, and self-reports of
knowledge and competence. One paper compared a visit of a large ambulance bus to VR and
MR training and concluded that the visit was less effective in increasing performance (Koutitas
et al., 2021). However, trainees only had one hour in the ambulance bus to practice finding
essential objects while the VR and MR group could practice as many times as they wanted
within one week (at least three times).

Debriefings were only explicitly tested once. The study used drone videos from a real-
life scenario training that the trainees had previously undergone (Fernandez-Pacheco et al.,
2017) and partially confirmed a positive effect on (self-)perception. In combination with other
methods, debriefings led to positive outcomes on performance as well as on self-reports of
knowledge, confidence, and preparedness. There were mixed findings regarding objectively
measured knowledge. Furthermore, multimethod training with debriefings led to lower
knowledge scores and similar self-reported learning gains than computer-based learning (Wiese
etal., 2021) as well as lower self-reported competence than serious gaming (Ma et al., 2021).

Computer-based learning as a stand-alone method or in combination with other methods
led to improvement or partial improvement in knowledge, performance, and self-reports of

preparedness, competence, and self-efficacy. Computer-based training resulted in greater
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knowledge gain and similar self-reported learning gains compared to traditional training (Wiese
et al.,, 2021). Computer-based learning also led to similar knowledge and performance
improvements as practical skills training, both combined with videos (Paddock et al., 2015).
Educational videos usually led to at least partial knowledge gain and performance
improvements as well as a partially greater knowledge gain than real-life scenario training
(Aghababaeian et al., 2013). Only one multimethod study did not find an effect on knowledge.
Studies also reported positive outcomes on self-reported preparedness and competence.
Serious gaming was only evaluated in two studies (Knight et al., 2010; Ma et al., 2021).
Ma and colleagues reported that game-based teaching resulted in significantly higher self-
reported disaster nursing competence than traditional training (Ma et al., 2021). Knight and
colleagues tested a multimethod training including a lecture and serious gaming within VR
(Knight et al., 2010). Compared to traditional training, it fostered better triage accuracy and

partially better step accuracy. The time needed to triage did not differ between groups.

2.4.4 Research questions 3 and 4: Current role and effectiveness of VR and MR

The VR/MR training systems were mostly used for MFR groups with little or no work
experience, including students (Bajow et al., 2016; Farra et al., 2013; Foronda et al., 2016;
Ingrassia et al., 2015; Mills et al., 2020; Smith et al., 2015), cadets (Koutitas et al., 2021) or job
starters (Andreatta et al., 2010). Seven studies tested trainings that contained PC-screen-based
VR (Figure 2.4), although always in combination with other methods (Bajow et al., 2016; Farra
et al., 2013; Foronda et al., 2016; Ingrassia et al., 2015; Knight et al., 2010; Smith et al., 2015;
Zhang et al., 2021). Five of them covered the topic of triage (Bajow et al., 2016; Farra et al.,
2013; Foronda et al., 2016; Ingrassia et al., 2015; Knight et al., 2010), two decontamination
(Farra et al., 2013; Smith et al., 2015), one the management of COVID-19 patients (Zhang et

al., 2021), and one general disaster scene management (Bajow et al., 2016). The virtual
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scenarios mainly included manmade disasters such as traffic accidents (Ingrassia et al., 2015),
explosions in busy areas (Farra et al., 2013; Knight et al., 2010), building collapse and fire on
boats at a seaport (Bajow et al., 2016) while one simulated a major earthquake (Foronda et al.,
2016). Two studies that tested pre- and in-hospital trainings used either scenarios in both

settings (Zhang et al., 2021) or only an in-hospital scenario (Smith et al., 2015).

Figure 2.4
Overview of VR/MR studies.

VR/MR studies

VR (k = 10) MR (k = 1)
[ | L
_ Head-mounted Screen-based _
CAVE (k=1) displays (k = 2) k=7 AR (k=1)

Serious gaming
— mit VR on screen
(k=1)

VR on screen +
— movement
tracking (k = 1)
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During the VR exercises, trainees were able to move their avatar around and perform a
variety of intervention, e.g., breathing/airway checks (Foronda et al., 2016; Ingrassia et al.,
2015; Knight et al., 2010). While the participants usually used a mouse, keyboard and/or a
joystick, one screen-based VR system tracked the trainees’ movements with a webcam as they
performed decontamination exercises (Smith et al., 2015). Training that contained screen-based
VR led to mixed findings regarding knowledge but to positive performance and self-efficacy
outcomes. Compared to exclusively traditional trainings, training with screen-based VR led to
greater knowledge gain (Zhang et al., 2021) and self-reported preparedness (Zhang et al., 2021)
as well as partially greater (Knight et al., 2010; Zhang et al., 2021) or similar performance levels
(Ingrassia et al., 2015). Furthermore, the combination with computer-based learning led to
greater knowledge gain than computer-based learning alone (Farra et al., 2013).

Three studies evaluated immersive VR technology (Andreatta et al., 2010; Koutitas et
al., 2021; Mills et al., 2020). The first one evaluated triage training in a VR CAVE (Andreatta
etal., 2010). The scenario was an explosion in an office building. To perform the triage, trainees
observed virtual patients to assess their respiratory rate and verbally requested pulse rates. In
terms of training effectiveness, the VR exercise resulted in slightly better performance but
poorer knowledge scores than real-life scenario training, both in combination with lectures.
Two studies evaluated VR training with head-mounted displays in which trainees used
controllers to interact with their virtual surroundings (Koutitas et al., 2021; Mills et al., 2020).
The first one tested a triage training with a car chase and shooting scenario (Mills et al., 2020).
Participants could click on icons attached to each casualty to gather basic clinical information
and allocate triage cards. The other VR training was designed to help MFRs get a better
orientation in a large ambulance bus by practicing to find essential medical equipment (Koutitas
et al., 2021). Both VR systems provided feedback regarding the correctness and time of task

execution. Overall, these two VR trainings with head-mounted displays led to similar (Mills et
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al., 2020) or greater (Koutitas et al., 2021) performance than traditional training and to a similar
learning satisfaction (Mills et al., 2020). One of those studies, however, indicated a higher
immersion level during real-life simulations which seemed to be caused by the subscale
physical demand (Mills et al., 2020). The only study using MR compared AR training to VR
with head-mounted displays and traditional education (Koutitas et al., 2021). The AR training
was completely similar to the VR ambulance bus training except for the use of an AR headset
with transparent lenses. The device projected holograms in the trainees’ field of view. With
click gestures, they were able to interact with their environment, like opening/closing drawers.
The AR training resulted in a better performance than traditional training, but not as much as

the VR training.

2.4.5 Quality assessment

Overall, the study quality was satisfactory (for a detailed overview see Supplementary
Tables 2.2 and 2.3, Additional File). For the experimental studies, either none (k=9) or one
question (k=5) out of 13 were answered with no. For the quasi-experimental studies, usually
none (k=4), one question (k=23) or two questions (k=13) were answered with no. There was
only one paper for which four out of nine questions were answered in the negative (Sena et al.,
2021). The higher risk of bias in the quasi-experimental studies was mainly based on question
4, which assesses the control group because a large part of the studies had a single group pre-
post design (k=35). Furthermore, some studies did not have a complete follow-up or a detailed

explanation or analysis for the dropout (k=9).

2.5 Discussion

Well-trained MFRs are essential for managing disaster situations with multiple

casualties (Alharbi, 2018; Chaput et al., 2007). To ensure that future disaster training is as
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effective as possible, we conducted this review on scientifically-evaluated trainings which
comprised both traditional and technology-based methods. The trainings were evaluated with
several different effectiveness indicators, including knowledge, performance, self-reported
measures, and immersion. Despite the heterogeneity of methods and outcome measures, some
conclusions could be synergized. While all methods demonstrated effectiveness, the results of
this review suggest that technology-based methods often lead to similar or greater training
outcomes than exclusively traditional training. Furthermore, we found ten studies that used VR,
although usually combined with other methods and often PC-screen-based. Only one study
evaluated MR training (Koutitas et al., 2021).

Although trends in effectiveness could be identified, the data basis was not sufficient to
declare some methods as unequivocally more effective than others. Training methods were
often tested in combination, which impaired drawing unbiased conclusions about individual
methods. Furthermore, the various effectiveness indicators that were used had only limited
comparability. Fewer than one-third of the included studies used performance observation as
an evaluation tool. Instead, several studies used knowledge tests or self-assessments (e.g.,
confidence) although these have limited predictive value for actual performance (Barnsley et
al., 2004; Liaw et al., 2012; Rodgers et al., 2010). Despite the great variety in studies, the data
basis strongly suggests the strength of technology-based methods. Several studies compared
technology-based training to training with real-life scenario exercises which are usually
considered the gold standard of disaster training (Tin et al., 2021). While these studies suggest
the great potential of technology-based methods, there may be a certain degree of bias. Real-
life scenario training often served as (part of) the exclusively traditional training for control
groups. Therefore, studies may not have been published that did not find at least an equivalent
effect of their newly developed technological methods. Instead, the training technology might

have been improved and retested until it was similarly or more effective, leading to a publication
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bias. The same might apply to practical skills training which was always used in combination
with other methods and resulted in similar or lower training effectiveness than trainings that
contained technology-based methods.

Generally, the current literature indicates that technology-based methods are well suited
to train MFRs for disasters. Given the usually limited resources of MFR organizations, these
methods promise to be particularly beneficial. Although initial investment in the technology is
required, it can then be used flexibly and repeatedly. Thus, a higher, more individually adapted
training frequency can be created than with many traditional methods, especially real-life

scenario training.

2.5.1 Current use of VR/MR and its future potential

Seven out of ten studies that tested VR training focused on non-immersive, screen-based VR.
The advantage of screen-based VR is that usually no hardware other than normal computer
accessories is required. However, more immersive trainings offer greater similarity to
experiencing real disaster situations and could therefore be even more useful for preparing
MFRs for stressful and unfamiliar situations. Given that high stress can affect the performance
of MFRs, training should explicitly address stress responses (Ignacio et al., 2016; LeBlanc,
2009). Although some of the reviewed trainings contained in-class teaching about dealing with
emotions or stress (e.g., Chan et al., 2010; Kim & Lee, 2020; Zhang et al., 2021), we found no
studies that explicitly conducted scenario-based training while assessing and controlling for
stress responses. To provide more insight into behavioral changes under stress, future studies
should conduct and evaluate explicit disaster training with (continuous) stress measurements to
investigate its potential for MFRs. The ongoing improvement of immersive VR and MR
technology (Anthes et al., 2016) seems quite promising as it can provide increasingly realistic

immersive training scenarios with fewer organizational demands than real-life simulations
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regarding time and space. Users can experience and practice an almost unlimited number of
scenarios in which demands and difficulty levels can be designed as needed (Diking et al.,
2018). Our results indicate that practical exercises with immersive technology can be conducted
nearly everywhere, at any time, and with relatively little preparation, i.e., without setting up a
real disaster scene. Furthermore, technical progress in recent years now allows several people
to interact within the same virtual environment (Nguyen & Bednarz, 2020) and treat patients

together as in realistic rescue operations.

2.5.2 Future research

Given the heterogeneity of the current literature, future research should further investigate the
effectiveness of individual training methods but also systematically assess whether certain
combinations work particularly well. Furthermore, training methods and validated training
evaluation tools should be developed not only in terms of effectiveness, but also in terms of
efficiency as (financial) resources are often limited. The results of this review suggest, for
example, that technological methods such as serious gaming and VR are similarly good or better
than traditional methods so that complex real-life scenario trainings with actors could be at least
partially replaced. There is also initial evidence that lectures, as an easily implemented method,
are well suited for refresher sessions. Future research still needs to clarify the usefulness of
immersive VR and especially MR as we only found one MR experimental study that matched
our inclusion criteria.

The effectiveness-efficiency trade-off also applies to training evaluation. While
knowledge tests offer the advantage of being very easy to conduct and evaluate, the
transferability of training success to actual operations is unclear. Performance evaluations
during (virtual or real-life) scenario training may be more suitable as they are closer to the target

behavior of MFRs during disasters. This review has already identified some indicators,
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including accuracy of decisions, time needed and compliance with the correct procedure. Future
research should focus on finding the appropriate performance measures for diverse disaster
training contents in terms of resource efficiency, usability, and relevance. New training
technologies could also provide further opportunities for performance assessment, e.g., eye-
tracking to gain insights into attentional processes. Furthermore, the assessment of team
performance has hardly been considered in disaster training research, although MFRs mainly
work in teams. Disaster management is a team effort and is often done in ad-hoc teams similar
to other domains of acute care medicine (Manser, 2009). Improved and trained teamwork
improves medical performance (McEwan et al., 2017). Future studies should also assess long-
term benefits of the different training methods and their combination as most of the studies we

found only conducted pre-post testing within a few days or weeks.

2.5.3 Limitations

Our review has three main limitations. First, we only included studies published in English so
we might have missed relevant studies published in other languages. Second, we only kept
studies in which it was either evident that the sample only consisted of MFRs or in which
separate analyses for MFRs were provided. This led to the exclusion of some studies with
insufficiently specified sample categories such as others. However, it might be possible that the
participants were also MFRs. Third, we decided to include only quasi-experimental and
experimental studies. We consider this a strength of this systematic review, as it allowed us to
create a better overview of the trainings’ effectiveness. Nevertheless, we cannot draw
conclusions about what training methods are generally used in disaster training research and

whether new methods have been added without being tested in (quasi-)experiments.
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2.5.4 Conclusion

We found several traditional and technology-based trainings methods. The trainings were
mainly evaluated with knowledge tests and self-reported measures, while less than one third
also used actual performance measures. For valid and yet inexpensive evaluations, objectively
assessible performance measures, such as accuracy, time, and order of certain actions can be
used. In this review, we found that technology-based methods were often similarly or more
effective than traditional training. They therefore offer great potential to supplement or at least
partially replace traditional training as especially the organization of the gold-standard, real-life
scenario training, can be costly and time-consuming. Two training technologies that have
become increasingly popular and affordable are VR and MR. This review suggests that they

have great potential which is why further assessments of these technologies are required.
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3.1 Abstract

Well-prepared medical first responders (MFRS) are indispensable for effectively
managing mass casualty incidents (MCls). Still, the gold standard for training, high-fidelity
real-life exercises (RLEs), is infrequently implemented due to high organizational effort and
costs. Mixed reality (MR), where MFRs train in a virtual environment with haptic feedback
from manikins, may be a viable training alternative. This study aimed to explore strengths,

limitations, and potentials for improvement of MR-MCI training compared to two RLES.
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Thirty-four MFRS (Mage=29.7, SDage=7.7, 82% male) participated in MR training, 14 MFRs in
RLEs (RLE1, akin to MR: n=4, Mage=32.0, SDage=9.5; RLE2, near-ideal: n=14, Mage=26.9,
SDage=6.7; 100% male). Stress, exhaustion, self-efficacy, presence, and perceived learning
gain were assessed using questionnaires and analyzed descriptively. Participants further
answered open-ended questions about perceived opportunities and limitations of virtual
training. The MR and RLE groups reported similar stress, exhaustion, and self-efficacy levels.
The MR group reported slightly lower physical presence but considerably lower social
presence compared to the RLE groups. Perceived learning gains were moderate for MR
participants and high for RLE participants. Qualitative data indicated a need to improve
interaction opportunities with virtual patients. Also, participants viewed virtual training as a
resource-efficient supplement, not a replacement for RLEs. Future studies should explore
which content and groups benefit most from MR and further evaluate it through larger,
experimental studies. MR-MCI training shows promise in preparing MFRs for MCls and
seems to be a valuable addition to RLEs, with the potential to increase training frequency and

practice scenarios otherwise difficult to simulate.

Keywords: mixed reality; triage training; emergency medicine; paramedics; stress; learning
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3.2 Introduction

Medical first responders (MFRs) play an important role in the management of mass
casualty incidents (MCls), and their effective preparation for such situations is critical to patient
survival and public safety in general (Uhl, Schrom-Feiertag, et al., 2023; Zechner, Uhl, et al.,
2024). Real-life exercises (RLEs) with patient actors and manikins are considered the gold
standard for preparing MFRs for these rare, yet usually chaotic and demanding situations (Tin
et al., 2021). Due to their high organizational and financial costs, however, RLEs cannot be
conducted frequently (Mills et al., 2020). While traditional MCI training methods, such as
lectures and table-top exercises (Baetzner et al., 2022), are less resource-intensive, they do not
adequately represent the complexity, which a realistic simulation of an MCI can provide
(Berndt, Wessel, Willer, et al., 2018). To fill this gap, immersive virtual reality (iVR) and mixed
reality (MR) have emerged as new training solutions that could help increase the frequency of
simulation training (Baetzner et al., 2022).

iIVR and MR give trainees the impression of being surrounded by a virtual world in
which they can move and interact with their virtual environment (Milgram & Kishino, 1994).
To create the impression of ‘actually being there’ (i.e., presence; Slater, 2018), iVR/MR
systems must provide a certain level of immersion, i.e., objectively measurable system
properties leading to a multimodal stimulation of the perceptual system (Gerwann et al., 2024;
Slater, 2018). While iVR often allows interaction with the environment via controllers, MR
involves additional senses beyond sight and hearing, such as haptic feedback (Gerwann et al.,
2024; Milgram & Kishino, 1994).

Immersive virtual training may be particularly beneficial for MCI training, as it allows
for procedural training under stress (Voigt & Frenkel, 2023; Wrzus, Schone, et al., 2024)
without endangering real patients (Zechner, Uhl, et al., 2024). Well-designed simulation

training should be realistic enough to create a sense of presence (Berndt, Wessel, Willer, et al.,

62



| Comparison of MR and RLEs

2018), and elicit responses similar to the real situation to enable learning transfer (Hutter et al.,
2023). As MCls are not only physically but also psychologically demanding for MFRs
(Hugelius et al., 2020), effective simulation training should aim to induce exhaustion and stress.
While research on MR MCI training is still scarce (Baetzner et al., 2022), iVR MCI training
has been shown to successfully induce a sense of presence and stress reactions (Prachyabrued
etal., 2019; Servotte et al., 2020). In addition, iVR MCI training leads to improved self-efficacy
to successfully manage MCI situations (Thompson, 2023; Vincent et al., 2008) and perceived
learning gain (Bilek et al., 2021). iVR training, however, lacks certain aspects of realism due
to the absence of physical contact with patients and in some cases the use of unnatural
movement like teleportation (Mills et al., 2020; Prachyabrued et al., 2019), which can result in
reduced physical demands (Mills et al., 2020). The development of MR systems with tangible
patients using integrated manikins is still relatively new but demonstrated success in first aid
and CPR training (Ricci et al., 2022; Uhl et al., 2024). MR MCI training with integrated
manikins, a large training area for natural movement and the possibility of team training could
further bridge the gap between iVR and real situations, thereby improving MFR training.

As a first step towards a holistic understanding of the potential of MR, this study
specifically focused on the trainees’ individual experiences. To identify strengths, limitations,
and potential improvements, this study aimed to compare an MR MCI system with the gold
standard, an RLE with built-up scenery and patient actors. For this purpose, we compared stress,
exhaustion, and presence as key metrics of representative learning experiences, and MCI-
related self-efficacy and perceived learning gain as indicators of perceived training
effectiveness. In addition to the comparison with a similarly built RLE, the MR training was
also compared to an ‘optimal’ RLE, including a larger number of trainees and cooperation with

other emergency services. We thus contribute to the understanding of which training modalities
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should be used for different training goals and illustrate key future developments needed in MR

training to fulfill the vision of immersive, safe, but realistic virtual training.

3.3 Methods

The ethics committee of the faculty of behavioral and empirical cultural sciences at
Heidelberg University approved the study (AZ Beu 2023 1/1). This study was part of the EU
project MED1stMR (www.medZ1stmr.eu) which focused on the development of MR training
for MFRs. Although the MR training was performed in six European countries, we only used

data from the same country, where the RLES were executed, to ensure comparability.

3.3.1 Participants

Thirty-six MFRs took part in the MR training. Two of them did not fill out the pre-
questionnaire, resulting in a sample size of n=34. Fourteen participants from the same MFR
organization took part in the RLES, n=4 in RLE1 and n=14 in RLE2. For further information

on the groups, see Table 3.13. One person participated in the MR training and both RLEs.

3 Please note that in this dissertation, chapter numbers have been added to numbers of tables, figures, and
supplementary files for clearer identification.
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Description of groups.

| Comparison of MR and RLEs

Mixed Real-life exercise ~ Real-life exercise
reality 1 2
(n=34) (n=4) (n=14)
Age in years
Mean (SD) 29.7 (7.73) 32.0 (9.45) 26.9 (6.74)
Gender
Male 28 (82.4%) 4 (100%) 14 (100%)
Female 6 (17.6%) 0 (0%) 0 (0%)
Profession
Emergency doctor 1(2.9%) 0 (0%) 0 (0%)
Paramedic 32 (94.1%) 3 (75%) 13 (92.9%)
Paramedic + medical student 1(2.9%) 1 (25%) 1(7.1%)
Job experience
Mean (SD) 10.0 (6.24) 12.5 (9.68) 7.37 (6.40)
MCI training experience
0-10 hrs 11 (32.3%) 2 (50%) 4 (28.6%)
10-20 hrs 5 (14.7%) 0 (0%) 1 (7.1%)
20-30 hrs 4 (11.8%) 0 (0%) 2 (14.3%)
30-40 hrs 4 (11.8%) 1 (25.0%) 2 (14.3%)
40-50 hrs 0 (0%) 0 (0%) 1 (7.1%)
more than 50 hrs 10 (29.4%) 1 (25.0%) 3 (21.4%)
Missing 0 (0%) 0 (0%) 1 (7.1%)
Experience with MClIs (number of
incidents)
Mean (SD) 5.62 (9.53) 2.75 (2.63) 2.43 (3.65)
Experience with MCls in hours
Mean (SD) 3.50 (2.51) 3.00 (1.63) 2.93 (2.50)
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3.3.2 Procedure

All training was conducted in Austria, the MR training in July 2023 and the RLEs in
September 2023. Prior to the training, participants received a link to an online questionnaire,
polling demographics and person characteristics. Trainees also completed baseline stress,
exhaustion, and self-efficacy questionnaires on site. In both the MR and RLE modalities,
participants were tasked with managing the MCI situation and performing the first triage as the
first MFRs on site. Based on a user-centered approach, scenarios were built and tested together

with MFR organizations.

Mixed reality training

Teams of three to four MFRs participated in the MR training (Figure 3.1a-d). Wireless
head-mounted displays (HTC Vive Focus 3) allowed for free movement within a 10x10m
training. Body trackers in the head-mounted displays, on the back, hands, and feet were used to
effectively capture pose and movement of the participants with up to 40 cameras, attached to a
truss built around the training area. First, participants were placed in a virtual waiting room to
familiarize themselves with the MR system (e.g., the use of triage cards and tourniquets). The
training session consisted of two scenarios, both involving a bus crash with 21 casualties: an
MCI in a motorway tunnel (average duration: 09:24 min) and a similar MCI on a country road
(average duration: 09:12 min). Both scenarios were taken into account to approximate the
duration of (complex) RLEs.

The virtual environments depicted a damaged bus and other vehicles nearby. Patients
were spread out outside the bus, either lying on the ground, sitting or walking around (Figure
3.1c-d). Environmental noises included patient sounds, such as cries for help, crying, and
moaning, as well as background noises, e.g., engine sounds. Patients displayed various visible

injuries, ranging from minor blood wounds to head injuries and severed body parts. Patient
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movements were matched to their injuries. Patients with minor injuries (triage color green)
walked to a designated safe spot after receiving a green triage card or reacted to verbally being
sent off by an MFR and a digital trigger being activated by the trainer. As an MR feature, two
virtual patients were mapped onto manikins with a tangible pulse and chest movement
corresponding to their respiration rate. Post-questionnaires were administered immediately
after each scenario (stress, exhaustion), and a final questionnaire (self-efficacy, perceived
learning gain, presence, and open questions) after the entire training session. For more
information on the development of the system and characteristics of the MR training, see

Zechner, Uhl, et al. (2024).

Figure 3.1

MR setup and RLEs.

o
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Notes. MR setup (a) and manikin (b), tunnel scenario from above (c) and inside scenario (d),

RLE1 (e) and RLE2 (f).
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Real-life training

The real-life training consisted of two exercises in a motorway tunnel dedicated to
research and training (Zentrum am Berg, www.zab.at). Both RLES were set up as bus accidents
with damaged vehicles, patient actors and manikins. A close resemblance between the MR and
RLE environments was achieved by building the MR tunnel to closely mirror the real one,
including a door to a security area within the tunnel. Patient actors underwent detailed theatrical
makeup application and vocalized distress signals to achieve realistic appearances (Figure 3.1e-
f).

The first exercise (RLEL, Figure 3.1e) was similar to the MR tunnel scenario described
above, including damaged vehicles and a bus. Because the MR training was mainly conducted
with teams of four MFRs, only four MFRs took part in the RLEL (duration: 16:35min). To
maintain a high similarity with the MR training, the casualty area in RLE1 was of comparable
size and no non-medical emergency personnel were involved in the scenario. In contrast, RLE2
was set up closer to a typical RLE, with all 14 trainees taking part simultaneously and
coordinating with members of the fire brigade and police, who also participated (40:43 min,
Figure 3.1f). The RLE2 included forty actors performing as patients (see Figure 3.le-f).
Additionally, RLE2 extended beyond RLE1 by incorporating arrival and initial build-up, as
well as treatment and transportation of patients, thereby presenting a more comprehensive
exercise. After each RLE, participants were asked about their stress and exhaustion levels, their
self-efficacy, perceived learning gain, and feeling of presence. After both RLES, participants

answered open-ended questions.
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3.3.3 Data and Measures

Demographics included age, gender, profession, years of job experience in the medical
sector, experience with MCIs (number of incidents and total hours), and MCI training
experience in hours.

Experience with iVR was assessed with the question “How much prior experience do
you have with VR?”” (9 options from "no experience" to "daily use of VR").

Subjective stress and exhaustion were measured with one item each: “Right now I feel
stressed” (Giessing et al., 2020) and “Right now I feel exhausted” with a scale from 1 (not at
all) to 7 (very). For the MR group, post values of the two scenarios were averaged (Spearman-
Brown coefficient for stress = .79, for exhaustion = .61).

MCI-self-efficacy was assessed with five items based on Vincent et al. (2008) on a scale
from 1 = “not at all” to 5 “very” (e.g., “I feel confident that I am an effective first responder”;
Cronbach’s Alpha* in the MR group = .91, in the RLE group = .91).

Presence was assessed separately for physical presence (i.e., the illusion of actually
being in the simulated place) and for social presence (i.e., the illusion of being with others, even
if they are only virtual/actors and manikins). Items were based on the multimodal presence scale
(MPS), adapted for iVR research (Makransky et al., 2017). Four items were used for physical
(e.g., “I was completely captivated by the virtual world”; Cronbach’s alpha for both groups:
.79) and two items for social presence (e.g., “l had a sense that | was interacting with other
people in the virtual environment, rather than a computer simulation”; Spearman-Brown
coefficient for MR group = .69, for RLE group =.36). For the RLES, the items were rephrased
to fit the context, e.g. “I was completely captivated by the staged scenario” (scale: 1=strongly

disagree, 5=strongly agree).

4 Please note that variables from RLE1 were not included in the calculation of Cronbach’s Alpha due to the small
sample size and items without variance in that group.

69



Chapter 3 |

Perceived learning gain was measured with 7 items. They cover perceived learning
gains in risk awareness, systematic care/triage, systematic examination, situational awareness,
mental stress, communication, and decision-making (e.g. “How much have you learned today
about recognizing risks at the scene of an incident?”’; scale: 1="nothing at all”, 4="quite a lot”).
Item values were summed, leading to possible values between 7 and 28 (Cronbach’s Alpha in

MR group = .77, in RLE group = .75).

Open-ended questions

To gain further insight into the differences between the evaluated training modalities
and what aspects could be improved in iVR/MR training, participants were asked about their
thoughts on iVR/MR training compared to RLEs, and what opportunities and concerns they
perceived regarding iVR/MR training. The responses from the RLEs provide an insight into the
attitudes of MFRs, who have participated in usual training so far. These themes could be
addressed during a potential MR training implementation process. Responses were either audio-
recorded (RLEs group) or written in a free text field (MR group). Supplementary File 1°
provides the exact questionnaire items and further information on the qualitative data

assessment.

3.3.4 Analyses

Quantitative data was analyzed using the software R (Version 4.3.2). Due to the small
sample size (nvr = 34, NrLe1 = 4, NrLe2 = 14), results are reported descriptively. Extreme values
were defined as values 3 standard deviations above or below the mean. To prevent these values

from excessively influencing the outcome variables without excluding them, they were

SAs stated at the end of the original manuscript, supplementary material and data are available online:
https://osf.io/2f764/?view_only=a2154c9b844748cd943631eb817e16a2
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winsorized, i.e., set to mean +/- 3 standard deviations (see Supplementary File 2° for R script
and Supplementary File 3 for openly accessible, quantitative data).

Qualitative data was analyzed with the software MAXQDA. Data was analyzed
inductively and based on Mayring’s qualitative content analysis (Mayring, 2022) to ensure a
systematic coding and categorization process (see Supplementary File 1°). Responses were
coded inductively and categories formed on the basis of content proximity. Qualitative data
from n=10 participants were analyzed for the RLE group due to incomplete responses from

some participants.

3.4 Results

Demographic information about the groups is presented in Table 3.1. Regarding the MR
group, 13 (38.2%) had no prior experience with iVR, ten had tried it 1-2 times, ten had tried it
several times and one person used iVR once per month. In RLEL, participants had either tried
IVR 1-2 times (n=2) or several times (n=1; n=1 missing answer). Half of the RLE2 participants
had no experience with iVR (n=7), four had tried it 1-2 times (28.6%), and two several times

(14.3%; n=1 missing answer).

3.4.1 Quantitative results
Figure 3.2 shows the descriptive results of the outcome variables per group with standard

errors. Table 3.2 contains the means and standard deviations of all outcome variables.
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Figure 3.2

Comparison of the groups’ training experiences.
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In all three groups, participants reported similar and generally low average stress levels

after the training (between 2 and 3; scale: 1-7). Only the RLE1 group reported higher stress

levels after (M=3.00) the training than before (M=2.75). In the MR and RLE2 groups,

participants reported slightly greater stress levels before than after the training.

Average exhaustion values were also all between 2 and 3, i.e., in the lower half of the

scale during both the MR and the RLEs. For the MR and RLE1 groups, mean exhaustion was

slightly lower before than after the training (MR: from 2.82 to 2.53, RLE1: from 2.75 to 2.25),

while for the RLE2 group, mean exhaustion was higher after (M=2.21) the training than before

(M=2.43).
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Table 3.2

Means and standard deviations of outcome variables per group.

Mixed reality Real-life exercise 1 Real-life exercise 2
(n=34) (n=4) (n=14)
Stress pre 2.68 (1.66) 2.75 (2.06) 2.64 (1.65)
Stress post 2.37 (1.08) 3.00 (1.41) 2.14 (1.23)
Exhaustion pre 2.82 (1.29) 2.75 (2.06) 2.21 (1.58)
Exhaustion post 2.53 (1.25) 2.25 (0.96) 2.43 (1.28)
MCI self-efficacy pre 4.12 (0.50) 3.90 (0.35) 4.21 (0.55)
MCI self-efficacy post 4.28 (0.47) 3.80 (0.40) 4.34 (0.45)
Perceived learning gain 18.8 (3.52) 22.5(3.70) 23.6 (3.41)
Physical presence 3.76 (0.71) 4.38 (0.60) 4.32 (0.51)
Social presence 2.69 (1.09) 4.25 (0.50) 4.39 (0.78)

Self-efficacy

All three groups had already reported high self-efficacy values prior to the training
(between 3.90 and 4.21 on a scale of 1-5). While self-efficacy was higher after the training in
the MR and RLE2 groups, the RLEL group reported slightly lower self-efficacy after the

training.

Presence

All three groups tended to perceive a high physical presence. The RLE1 (M=4.38) and
RLE2 group (M=4.32) reported a greater physical presence than the MR group (M=3.76). In
terms of social presence, the RLE1 (M=4.25) and RLE2 (M=4.39) groups again reported high

mean scores, while the MR group reported lower social presence (M=2.69).
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Perceived learning gain
After the training, the RLE2 group reported the greatest perceived learning progress
(M=23.60 with possible values between 7 and 28), closely followed by the RLE1 group

(M=22.50). The MR group reported medium perceived learning gains (M=18.80).

3.4.2 Qualitative results
The results are organized according to the inductively determined categories, and the
number of participants per group, who made the statements, are reported in brackets.

Supplementary File 1 provides example statements and the corresponding categories.

Resource requirements (NrLe=3, NMr=24)

Both groups expected lower resource requirements of iVR/MR training, particularly in
organizational (nrLe= 2, NnMr=16) and personnel effort (nrLe=2, Nmr=8). Especially the MR
group valued the flexibility in creating various and complex scenarios (nmr=7), including those
difficult to implement in RLEs (nrLe=1; nmr=3). While current costs were considered high
(nvr=4), IVR/MR was expected to become economically advantageous in the long term

(nrLe=2, Nnmr=1) or when shared by multiple regions (nmr=1).

Stress and mental burden (nrLe=2; NMR=06)
Both groups considered stress induction essential in simulation training and believed
iIVR/MR to be less stressful or mentally demanding than RLEs or real operations (nrLe=2;

nmr=6), mainly due to lower realism of virtual patients compared to real humans.

Presence and immersion (nr.e=8, Nnmr=10)
The RLE group suspected some constraints in realism in virtual training compared to

RLEs (n=6), particularly regarding interactions with virtual patients (n=3). While one person
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appreciated the potential for good visualization in immersive virtual training (n=1), others
assumed that the absence of certain sensory aspects, such as the feeling of wind, was
disadvantageous compared to RLEs (n=3). Overall, the RLE group perceived the experience of
presence to be more difficult to achieve in virtual environments than in RLEs (n=5), although
imagination skills might be required for both training modalities (n=1).

In contrast, the MR group did not mention concerns about presence and found iVR/MR
immersive (n=2). They considered iVR/MR both more realistic (n=3) and less realistic than
RLEs (n=6), the latter due to lower perceived realism in interaction and communication with

virtual patients (n=3).

Learning (nr.e=4, NnMr=19)

The RLE group believed virtual training could increase training frequency and thus help
to develop a routine (n=2). There were assumptions that virtual training could be useful for
leadership training (n=1) and for medical, but not organizational training (n=1).

Similarly, the MR group valued iVR/MR for its potential to increase training frequency
(n=2), repeat scenarios (n=3), and offer built-in debriefing capabilities through recordings
(n=5). Concerns were raised about its usability for older trainees, those with poor eyesight or
those prone to motion sickness (each n=1). The MR group found iVR/MR valuable for
inexperienced MFRs (n=3) but were more critical of the technologies' usefulness for leadership

training (n=3 critical vs. n=1 in favor).

Attitude towards iVR/MR (nrL.e=9, nmr=20)

Although the RLE group saw potential in virtual training (n=3), they believed that RLEs
are better (n=5; n=2 neutral) and cannot be replaced by virtual training (n=2). The MR group
also saw potential in iVR/MR training (n=9) and viewed it as a good complement (n=6), not a

replacement for RLEs (n=7).
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3.5 Discussion

This multi-method study explored the strengths, limitations, and potential
improvements of MR MCI training compared to RLEs, with both modalities designed for team
training in a high-fidelity setting. Descriptive coefficients indicated that the MR group reported
similar mean stress, exhaustion and self-efficacy scores as the RLE groups. Regarding presence,
the MR group experienced only slightly lower physical presence indicating a high realism of
the virtual environments. For social presence, however, the differences were considerably
larger, suggesting that currently social interactions in the virtual environment were perceived
as less realistic than interactions with patient actors. Perhaps as a consequence, the MR group
reported medium average perceived learning gains, while the RLE groups reported high gains.

Qualitative data highlighted practical advantages of IVR/MR, including reduced
organizational and personnel requirements, greater flexibility in scenario creation, and
potentially reduced future costs compared to RLES. The RLE group who had previously
received ‘conventional’ training, expressed concern that virtual training might offer less realism
and presence, which aligns with the quantitative findings on (social) presence. The MR group
had mixed views on the realism of iVR/MR scenarios, as they perceived the interaction with
virtual patients as less realistic compared to with patient actors. Both groups mentioned positive
aspects of iVR/MR for learning, such as increased training frequency and scenario repetition.
However, the ideal contents and target groups of iIVR/MR training were less clear. The MR
group suggested it could be useful for inexperienced MFRs. Both groups saw potential in
IVR/MR and suggested the technologies as a complement to RLESs rather than a replacement.

This study was the first to compare MCI training in MR to RLEs. Previous research
comparing iVR MCI training to RLEs found no significant differences in various variables like
subjective performance, effort, and satisfaction (Mills et al., 2020). Lower physical demand

was assumed to occur due to participants standing stationary in iVR (Mills et al., 2020). To
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address this, the current study allowed for natural movement. Participants in previous iVR MCI
research criticized the lack of haptic feedback (Servotte et al., 2020). A recent comparison of a
single patient scenario in RLE, iVR, and MR demonstrated that MR was closer to RLEs than
IVR in terms of presence and acceptance like facilitating conditions (i.e., intuitive and easy use)
(Uhl et al., 2024).

Consistent with prior iVR research, social presence was lower in MR than in RLEs and
participants wished for more and better interaction opportunities with virtual patients (Servotte
et al., 2020; Uhl et al., 2024). In the current MR system, interactions included obtaining vital
parameters through haptic feedback or hand movements, applying triage cards and tourniquets,
and directing lightly injured patients to green-triaged zones. However, trainees did not receive
verbal responses during interactions. Although recent work has shown that virtual training
environments can elicit similar levels of social presence, even if the interaction is highly
scripted (Uhl, Neundlinger, et al., 2023), the pre-recorded voice lines of the MR simulation did
not reach real-life levels of social presence. Furthermore, a recent study has shown that real-
time transcription and artificial intelligence can enable communication in a single-patient MR
system (Uhl et al., 2024), suggesting that this feature could be extended to multiple patients in
an MCI training scenario in the future.

For all three training groups, differences between pre- and post-measures of stress were
small. While the pre-questionnaire stress levels could be due to anticipatory stress, the survey
wording may also have influenced results, as participants were asked about their current stress
level rather than during the scenario. By the time of answering post-questionnaires, stress levels

may have already dropped.
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3.5.1 Limitations and future research

In addition to the mentioned technical limitations, the small sample sizes due to
demanding RLEs, led to only descriptive analyses of quantitative data. While this study
provides valuable insights into current strengths and areas for improvement in MR training,
future research could incorporate the suggested improvements and test the updated MR training
system with larger sample sizes. Furthermore, future studies should especially concentrate on
improving MFR-patient interaction and perceived stress, and experimentally test the systems.
Testing objective learning outcomes of different modalities could help to determine which
training content is best suited for each modality.

In addition, a combination of psychological, physiological and behavioral data could
provide a more holistic understanding of the benefits and challenges of MR MCI training.
Physiological stress parameters such as heart rate, heart rate variability, and electrodermal
activity could be tracked in real-time during the training (e.g., Prachyabrued et al., 2019). In
terms of behavioral data, performance assessments would be valuable for the evaluation of
training effectiveness, comparisons between training methods, and the identification of
individual training needs (Baetzner et al., 2025; Wakasugi et al., 2009). For instance, recently
validated performance indicators for immersive virtual MCI training include triage accuracy,
triage speed, and efficient information transmission to the control center (Baetzner et al., 2025).
Furthermore, the evaluation of teamwork parameters could be beneficial. The tested MR system
allowed simultaneous training of up to four MFRs. Trainees could interact by viewing each
other's avatars and gestures, and by communicating verbally. While this study focused on
individual experiences, future research investigating team dynamics and performance in MR

and RLEs could provide further insights for the training of teamwork.
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3.5.2 Practical implications

First responder training has a slowly evolving and meticulously developed curriculum.
As with many aspects of disaster response and critical care, any change to the current standard
must demonstrate a clear and compelling added value. MR training solutions meet this criterion
by enabling significantly higher training frequencies than RLEs and great flexibility in scenario
design and complexity levels. The technology can be integrated seamlessly into existing
curricula, potentially in a phased plan, starting with an initial supplement to partial replacement
of those RLE scenarios that are exceedingly hard or impossible to implement in routine
institutional training. It could also be used to reduce the gap between theoretical classroom
teaching and large-scale RLEs (Baetzner et al., 2025), with the possibility of creating individual

training plans of increasing difficulty.

3.5.3 Conclusion

MR MCI training showed the potential to achieve similar levels of perceived stress,
exhaustion, and self-efficacy, as well as nearly similar levels of physical presence as RLEs.
Social presence and perceived learning gain could, however, benefit from further enhancement.
Potential improvements include the ability to adjust scenario complexity for stress elicitation
and the implementation of communication capabilities with virtual patients. Overall, MR MCI
training shows promise in preparing MFRs for MCls. As a complement to traditional MCI
training, MR has the potential to increase training frequency and practice scenarios otherwise

difficult to simulate.

Supplementary Material
Supplementary material and the data can be retrieved from the following link:

https://osf.io/2f764/?view_only=a2154c9b844748cd943631eb817e16a2
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4.1 Abstract

Background: Immersive virtual reality (iVR) has emerged as a training method to prepare
medical first responders (MFRs) for mass casualty incidents (MCIs) and disasters in a resource-
efficient, flexible, and safe manner. However, systematic evaluations and validations of
potential performance indicators for virtual MCI training are still lacking. This study aimed to
investigate whether different performance indicators based on visual attention, triage
performance, and information transmission can be effectively extended to MCI training in iVR
by testing if they can discriminate between different levels of expertise. Furthermore, the study
examined the extent to which such objective indicators correlate with subjective performance
assessments.

Methods: Seventy-six participants (age M = 25.54 years, SD = 6.01, 59% male) with different
medical expertise (MFRs: paramedics and emergency physicians; non-MFRs: medical students,
in-hospital nurses, and other physicians) participated in five virtual MCI scenarios of varying
complexity in a randomized order. Tasks involved assessing the situation, triaging virtual
patients, and transmitting relevant information to a control center. Performance indicators
included eye-tracking based attention, triage accuracy, triage speed, information transmission
efficiency, and self-assessment of performance. Expertise was determined based on the
occupational group (39 MFRs vs. 37 non-MFRs) and a knowledge test with patient vignettes.
Results: Triage accuracy (d = 0.48), triage speed (d = 0.42), and information transmission
efficiency (d = 1.13) differentiated significantly between MFRs and non-MFRs. Additionally,
higher triage accuracy was significantly associated with higher triage knowledge test scores
(Spearman’s rho = .40). Eye-tracking based attention was not significantly associated with
expertise. Furthermore, subjective performance was not correlated with any other performance

indicator.

81



Chapter 4 |

Conclusion: iVR-based MCI scenarios proved to be a valuable tool for assessing the
performance of MFRs. The results suggest that iVR could be integrated into current MCI
training curricula to provide frequent, objective, and potentially (partly) automated
performance assessments in a controlled environment. In particular, performance indicators
such as triage accuracy, triage speed, and information transmission efficiency capture multiple
aspects of performance and are recommended for integration. While the examined visual
attention indicators did not function as valid performance indicators in this study, future
research could further explore visual attention in MCI training and examine other indicators
such as holistic gaze patterns. Overall, the results underscore the importance of integrating
objective indicators to enhance trainers’ feedback and provide trainees with guidance on

evaluating and reflecting on their own performance.

Keywords: pre-hospital decision-making; disaster medicine; emergency medicine; mass

casualty incident; medical education; eye tracking; emergency simulation; virtual reality
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4.2 Introduction

4.2.1 Overview

Medical first responders (MFRs) are confronted with extreme demands at mass casualty
incidents (MCIs), during which they must attend to more patients than their resources allow
(Lomaglio et al., 2020). Whether those situations are due to natural disasters, accidents, or
terrorist attacks, peak performance of MFRs under such demanding circumstances is crucial.
However, current MCI training is insufficient to prepare MFRs adequately for MCls due to low
immersion and realism of classroom learning and scarce real-life exercises that are typically
used (Almukhlifi et al., 2021; Berndt, Wessel, Willer, et al., 2018; Mills et al., 2020).

An increasingly popular tool for MCI training is immersive virtual reality (iVR;
(Baetzner et al., 2022; Berndt, Wessel, Willer, et al., 2018). iVR is typically experienced
through a head-mounted display (HMD) that elicits the user’s impression of being completely
surrounded by a 3D, virtual world (Gerwann et al., 2024; Milgram & Kishino, 1994; Wrzus,
Schone, et al., 2024). In addition, users are often able to move around, explore, and interact
with their environment (e.g., by walking and using controllers). Especially in the context of
MCI training, iVR offers the possibility to train numerous scenarios in a safe, flexible, and
resource-efficient way (Baetzner et al., 2022). iVR training applications also allow for high-
quality assessments of performance, which are crucial for enabling systematic and structured
training (Salas et al., 2009) and for assessing the degree to which MFRs are prepared for MCls.
Moreover, high-quality performance assessments allow for the evaluation of training
effectiveness and the comparison of training methods, contributing to an ongoing improvement
of MCI preparedness (Markou-Pappas et al., 2024). However, a systematic evaluation of
performance indicators for iVR MCI training is still missing. This study aims to fill this gap by
evaluating the usefulness of different performance indicators in virtual MCI scenarios.

Specifically, we first provide an overview of the potential of iVR for MCI simulation training.
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Next, we discuss various performance indicators that cover different aspects of the performance
of MFRs who arrive first at an MCI scene (i.e., visual attention, triage accuracy, triage speed,
and information transmission). Finally, we introduce self-rated performance as a potential tool

for a holistic assessment.

4.2.2 MCI Training and iVR

The gold standard for MCI training is to take part in real-life scenarios with patient
actors and manikins (Tin et al., 2021). However, such exercises are particularly resource-
intensive in terms of preparation time and costs. Therefore, technological training solutions
have been developed to increase the level of preparedness, such as training in iVR (Baetzner et
al., 2022).

iIVR provides near-realistic training sessions that require fewer personnel and financial
resources compared to real-life MCI exercises with patient actors (Mills et al., 2020). iVR also
allows the creation of an infinite number of scenarios that can be quickly and flexibly adapted
to training objectives (Gerwann et al., 2024). By providing a safe training environment where
mistakes can be made and scenarios can be repeated until they are handled correctly (Bowyer
et al., 2008; Heldring et al., 2024), iVR can be used in training for otherwise dangerous
scenarios, such as fire or terrorist attacks. The training and its challenges can also be adapted
to individual needs and expertise levels, thus providing an opportunity to maintain a balance by
being complex enough to trigger learning without leading to overload (Gerwann et al., 2024;
Hill et al., 2024). On the basis of their current skills, MFRs may be placed in virtual scenarios
with few patients and distractions or may train in large-scale MCls with more patients under
complex conditions (e.g., nighttime and difficult terrain). Another advantage of iVR-based
training is the ability to implement automated monitoring of objective performance indicators,

which can help improve both the trainees’ learning process and their preparedness (Kman et
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al., 2023). Furthermore, iVR facilitates the inclusion of novel performance indicators, such as
visual attention assessed with eye-tracking, which integrates seamlessly with the technology

(Bischof et al., 2024).

4.2.3 Performance Indicators
Overview

Performance indicators can be validated with the known-groups validation approach
(Shinnick, 2016; Ziegler & Biihner, 2012) which tests the expectation that distinct groups (e.g.,
age groups, experts and novices) differ on a certain measure (Cronbach & Meehl, 1955).
Effective indicators should distinguish between experts and novices, as experts, by definition,
possess the knowledge and skills to consistently perform at high levels (Ullén et al., 2016).
Previous studies have classified experts and novices based on various measures, including
having or not having a specific profession or certificate, often intertwined with (years of) job
experience (e.g., medical students vs physicians) (Blondon et al., 2015). In addition, experts
generally possess more knowledge than novices (Schmidt & Boshuizen, 1993).

Because performance assessments should capture multiple dimensions of performance
(Salas et al., 2009), we evaluate three areas for a broad performance assessment of the first
MFRs who arrive at an MCI: (1) the process of gaining an overview of the situation when
arriving on scene, which could be assessed based on visual attention, (2) the triage process, and
(3) the efficiency of information transmission to the control center. Furthermore, to obtain a

holistic assessment of performance, self-reports are also included.

Visual Attention During Orientation at the MCI Scene
Visual attention has been suggested as a potential factor contributing to medical

performance (Shinnick, 2016). Consistent with the eye-mind hypothesis, gaze fixations are
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usually the focus of thought (Just & Carpenter, 1980), which is why the interest in gaze behavior
Is increasing in research on medical decision-making and medical training (Al-Moteri et al.,
2017; Brunyé et al., 2019). Previous research demonstrated that perception and recognition
skills improve with increasing medical experience (Al-Moteri et al., 2017). Furthermore, visual
attention differs with expertise in several medical tasks, such as surgical simulations and
diagnostic decision-making (Al-Moteri et al., 2017; Currie et al., 2019). Among other aspects,
experts fixate on task-relevant cues more often and fixate less on task-irrelevant areas than
novices (Gegenfurtner et al., 2011).

Only a few studies have tested visual attention in prehospital settings thus far. Eye
tracking while viewing photos of accident scenes revealed that MFRs fixated significantly
longer on task-relevant cues, such as injured people or safety hazards, than non-MFRs (Prytz
et al., 2018). However, the association between visual attention and expertise was less clear
when tracking the eye movements of physicians and nurses watching a 2D video of an MCI
(Price et al., 2022). Regardless of the number of years working in emergency medical services,
all participants spent more time observing the patients who were more severely injured. In
addition, participants navigated through the scenes with less predetermined or structured
patterns than initially expected. Another study assessed the visual attention of college students
viewing a computer screen with photos of injuries and information boxes about airway,
breathing, and circulation (Loth et al., 2019). One group was trained in the simple triage and
rapid treatment (START) triage algorithm, while the active control group was instructed in
patient transport. After training, the START triage group fixated on relevant information boxes
significantly faster. However, all of these studies relied on 2D stimuli presented on computer
screens, and none tested visual attention of MFRs in 3D iVR MCI scenarios, although
differences between 2D input and iVR have been documented for many cognitive and

behavioral processes (Wrzus, Schone, et al., 2024).
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Accuracy and Speed of the Triage Process

Typical objective performance assessments in MCI training address accuracy and speed
of the triage process (Baetzner et al., 2022; Markou-Pappas et al., 2024). Effective allocation
of available resources and a well-decided sequence of patient care and transport are essential
for managing MCI situations (Mills et al., 2020) and require the ability to triage patients
correctly even under high stress. Triage accuracy refers to the correct choice of triage levels
based on a specific triage algorithm. The START triage algorithm is an internationally known
algorithm developed in the United States and used in several emergency medical services
organizations (Super et al., 1994). According to START, patients are classified based on their
injuries as green (minor priority), yellow (delayed priority), red (immediate priority), and black
(dead or fatally injured). In addition to accuracy, triage speed is also considered crucial in the
management of MCI situations so that patients with immediate priority receive medical
treatment as quickly as possible (Bazyar et al., 2020). In particular triage accuracy, but also
triage speed, have been used as effectiveness indicators for evaluating MCI training in previous
studies (Baetzner et al., 2022). Regarding iVR studies, only a few have included objective
performance assessments within the virtual environment. These studies suggest that triage
accuracy in iVR improves with more iVR training (Vincent et al., 2008). Furthermore, when
comparing iVR to real-life exercises, MFRs had similar triage accuracy scores (Ferrandini Price
et al., 2018; Mills et al., 2020), but completed the triage process faster in iVR (Mills et al.,
2020). However, emergency physicians with more experience did not have higher triage
accuracy scores in iVR than those with less experience (Lowe et al., 2020). This may be because
the study did not aim to compare experts and novices, and those with less experience were
already practicing residents. Therefore, the difference in practical experience was probably not

large enough to be considered a typical expert-novice comparison.
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Transmission of Information to the Control Center

One of the main problems commonly found during major incidents is poor
communication with the control center (Lowes & Cosgrove, 2016; Markou-Pappas et al., 2024).
For instance, communication problems such as excessive radio traffic can lead to several
negative consequences including increased mortality rates and reduced safety for MFRs at the
scene (Perry et al., 2021). Although information transmission to the control center is crucial to
ensure proper coordination of all rescue services, studies measuring the quality (Markou-
Pappas et al., 2024) and efficiency (i.e., accurate information in few words) of such radio
messages are still missing. In Germany, the widely used scene, safety, situation, and support
(SSSS) scheme serves as a standard for the assessment of onsite emergency situations (Schmid
et al., 2022). This scheme provides a structured approach to assessing critical aspects of an
incident. Sometimes referred to as the 3S scheme, with support not specifically named, the
scheme assists MFRs in identifying and communicating all relevant information, especially
potential hazards and environmental risks (Zechner, Schrom-Feiertag, et al., 2024). Scene refers
to the assessment of the emergency site. In terms of safety, MFRs assess the risk to themselves
and others. Situation refers to an estimation of the number of patients and evaluation of injury
mechanisms. Support refers to the possible need for reinforcements and other emergency
services, such as police and fire brigades (Schmid et al., 2022). Based on interviews and
workshops with European MFRs, communication and the correct use of the scheme were
identified to be key performance indicators in training for high-stress situations like MCls
(Zechner, Schrom-Feiertag, et al., 2024). While no studies seem to have evaluated the efficiency
of information transmission, it was found that trained physicians reported more accurately than

untrained physicians in a real-life MCI exercise (Ingrassia et al., 2013).
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Subjective Performance Ratings

A large part of MClI-training studies evaluates the training effectiveness with self-rated
indicators, such as self-ratings in knowledge and skills. For example, emergency medical
technicians with more work experience rate their triage skills more favorably than those with
less work experience (Soola et al., 2022). However, general skill assessment does not
necessarily relate to performance in a specific situation and studies assessing self-rated MCI
performance directly related to a previously completed simulation are still missing (Baetzner et
al., 2022). Not specific to MCI training, but to medical education in general, previous research
suggests that self-assessed performance has at least a low to moderate validity (Blanch-
Hartigan, 2011; Gordon, 1991). Self-rated indicators have the advantage of being easily
implemented in all possible training modalities without any technical effort. Although objective
performance assessment can be implemented in iVR, such assessment may be more complex
in other training modalities, impairing potential comparison studies. If a global subjective
performance indicator is accurate, it may be a low-threshold indicator for such studies.
Including self-assessment alongside objective performance evaluation could also enhance the
debriefing process by encouraging trainees to reflect on their performance and improve self-
awareness (Gow, 2013). However, comparisons between (global) subjective performance and

objectively measured behavior in iVR MCI training are still lacking.

4.2.4 Research Aims and Hypotheses

This study aimed to investigate whether different performance indicators that were used
in previous MCI training studies can be effectively extended to MCI training in iVR. As a
method of validation (Shinnick, 2016), indicators were tested with a focus on their ability to
differentiate between different levels of expertise. For comprehensive testing, 2 indicators of

expertise were used, including occupational group as a dichotomous indicator (MFR or non-
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MFR) and triage knowledge test scores as a continuous indicator. For a broad assessment, we
investigated visual attention after arriving on scene, triage accuracy, triage speed, information
transmission efficiency, and subjective performance. Overall, this study intends to provide
insights into which indicators are suitable for incorporation into the design of effective iVR
MCI training programs and MFR performance assessments. The following hypotheses were

formulated:

hypothesis 1a: With greater expertise, medical staff pays more attention to task-relevant
information during MCls;

hypothesis 1b: With greater expertise, medical staff show greater triage accuracy during
MCls;

hypothesis 1c: With greater expertise, medical staff complete the triage process faster during
MCls;

hypothesis 1d: With greater expertise, medical staff transmit information more efficiently;
hypothesis 2: Attentional indicators demonstrate incremental value in the discrimination of
different levels of expertise beyond performance indicators such as speed, accuracy, and
information transmission during triage;

hypothesis 3: Subjective evaluation of one’s own performance is better with greater attention
to task-relevant information, greater triage accuracy, faster triage time, and more efficient

transmission of information.

The wording of 2 hypotheses has changed from the preregistration. Previously, they

were “Hypothesis 1d: with greater expertise, medical staff transmits information more quickly

and completely” and “Hypothesis 3: subjective evaluation of own performance is better with
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greater attention to task-relevant information, greater triage accuracy, faster triage time, and

faster transmission of information.”

4.3 Methods

4.3.1 Study Design
In this quasi-experimental, multimethod study, participants (MFRs and non-MFRS)

completed virtual MCI scenarios while their performance was assessed.

4.3.2 Procedure
Overview

Interested people visited a website following the link or QR code provided on the
recruitment materials. On the website, they received information on the study aims and
procedure, provided informed consent, and answered a web-based preliminary questionnaire
covering demographics, personal characteristics, and a triage knowledge test. The web-based
questionnaire was answered before participants came to their appointment to shorten the time
in the laboratory. At the end of the questionnaire, participants scheduled a 2-hour appointment
in the VR laboratory. In the laboratory, participants filled out additional questionnaires, were
shown the START triage algorithm, and engaged in an iVR familiarization scenario with people
who were uninjured and at no accident site. During the familiarization, participants practiced
information gathering and navigation within the virtual environment. The familiarization ended
when participants announced that they feel sufficiently prepared. The main phase of the study
involved 5 virtual MCI scenarios to cover the different performance levels of our sample, thus
avoiding floor and ceiling effects and increasing the reliability of the measurements. The

scenario order was randomized for each participant using a random number generator.
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MCI Scenarios in iVR

The scenarios were built with the XVR software (XVVR Simulation B.V.) and consisted of

traffic accidents that varied in scenario complexity (Table 4.1°%; Multimedia Appendix 4.1 gives

a detailed description). Tasks included gaining an overview of the situation, performing triage,

and transferring all relevant information to the control center via radio messages.

Table 4.1

Scenario descriptions. After the familiarization scenario, the scenario order was randomized
for each participant.

Scenario Scene description Number and Duration in
triage levels of minutes:
patients mean (SD)

Familiarization Quiet residential area, no accident, 0 patients but 5.78 (1.71)

clear vision, middle of the day; 6 healthy people to
healthy people present, 3 of them practice the iVR?
sitting in cars handling

1 (very low Accicent with 2 cars on a countryside 3 green patients  3.32 (1.03)

difficulty) road, clear vision, middle of the day 1 yellow patients

2 (low Accident with a car, a van, and a 1 green patients ~ 5.33 (1.37)

difficulty) motorcyclist on a motorway, clear 3 yellow patients

vision, cloudy day 1 red patients

3 (medium Accident with a car and an SUV® ina 1 green patients  5.06 (1.59)

difficulty) busy inner-city area with a crowd of 3 yellow patients

bystanders around, clear vision, cloudy 2 red patients
day

4 (greater Express way accident with 3 carsand a 1 green patients  7.28 (1.97)

difficulty) van; several bystanders, twilight, end 3 yellow patients

of the day 3 red patients
1 black patients

5 (highest Express way accident involving abus 4 green patients  10.66 (3.08)

difficulty) and a truck, nighttime and fog 6 yellow patients

4 red patients
4 black patients

Note. ®VR: immersive virtual reality. "SSUV: sports utility vehicle.

® Please note that in this dissertation, chapter numbers have been added to numbers of tables, figures, and
supplementary files for clearer identification.

92



| Performance Assessment

Participants were asked to remain in the starting position for the first 30 seconds during
each scenario and were allowed to turn and look around. This time frame was used to assess
initial attention processes measured via eye tracking. During the scenario, participants could
use visual cues like wounds to select triage levels. Further information about the patients could
be acquired verbally and was provided with the help of standardized audio tracks. For example,
if participants inquired about the respiration rate, they would hear a pre-recorded answer.
Obtainable information included whether the patient could walk, whether the airways were
clear, respiration rate, recapillarization time, presence of a radial pulse, existence of heavy
bleeding, the patient’s responsiveness to simple instructions, and localization of injuries (e.g.,
head injury and leg injury). The participants could announce their intention to perform actions,
including clearing the airway, stopping heavy bleeding, and conducting triage. After each

scenario, they filled out questionnaires and had the option to reread the START algorithm.

Hardware Description

The Varjo Aero HMD had a display resolution of 2880x2720 pixels per eye at 90 Hz. Its field
of view was 115° horizontally and 134° diagonally (at 12mm eye relief), and the gaze data
output frequency was 200 Hz. The HMD was connected to a laptop (ROG Strix G with
Windows 10, Intel Core i7-9750H central processing unit @ 2.60 Hz 2.59 GHz, NVIDIA
GeForce TTX 2070 graphical processing unit, 32 GB of RAM) through the standard HMD
cable and Varjo laptop adapter. Participants used the Varjo Aero HMD from Varjo
Technologies Oy and could freely move within a 3x4m size area. For greater distances,

participants used controllers to teleport (Figure 4.1).
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Figure 4.1

Immersive virtual reality (iVR) lab (left) and use of teleportation in iVR (right).

4.3.3 Participants

Emergency services personnel, hospital personnel (physicians and nurses), and medical
students (all semesters) were recruited to participate in this study. Inclusion criteria were a
minimum age of 18 years, proficiency in German, and the absence of a hearing aid. Participants
were recruited through social media, email distribution lists, flyers, and short presentations at
local hospitals, emergency medical services, and university courses. Data collection lasted from
February to October 2023. Of the 150 participants who filled out the web-based, preliminary
questionnaire, 76 (50.7%) scheduled an appointment with our iVR laboratory and participated
in the study. Participants were aged between 18 and 49 (mean 25.54, SD 6.01) years, and 59%
(n=45) of participants were male. Among the 76 participants, 51% (n=39) were categorized as
MFRs (n=36, 92% paramedics and n=3, 8% emergency physicians). The remaining 49%
(37/76) non-MFR participants were mainly medical students (n=30, 81%), other medical staff

not working in prehospital emergency settings (n=4, 11%), or both at the same time (n=3, 8%).
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4.3.4 Measures

Study Data

The data presented in this paper were derived from a larger project, which focused on
investigating the stress dynamics and performance of MFRs in virtual MCI training. For
detailed information of all measures and instruments used during the study, refer to the

construct overview on the web (Wrzus, Baetzner, et al., 2024).

Web-Based, Preliminary Questionnaire

Demographic information included age, gender, profession, years of job experience in
the medical sector, and prior MCI training in hours. In the case of profession, participants could
choose multiple options from the following: emergency physicians, other physicians,
paramedics, emergency medical technicians, medical students, or specify another option
through an open text field. Prior MCI training was assessed with the following answering
options: none, 1 to 5 hours, 5 to 10 hours, 10 to 20 hours, 20 to 30 hours, 30 to 40 hours, 40 to
50 hours, or >50 hours.

In terms of expertise, participants were classified as MFRs if they were emergency
physicians or paramedics; otherwise, they were classified as non-MFRs. The second expertise
measure was a triage knowledge test based on Cuttance et al. (2017) and adapted to the START
algorithm. Participants had 10 minutes to assign triage levels to 20 case descriptions, after
which the test ended, and the next page opened. One point was awarded for each correctly
assigned color, resulting in a score range of 0 to 20.

Triage algorithm or algorithms. Participants were asked which triage algorithm they

typically used in the field or in training sessions, including the option to select “none.”
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Prior experience with iVR was assessed with the item “How much prior experience do
you have with VR?” and a dropdown menu with 9 answering options from “no experience” to

“daily use of VR.”

Visual Attention During Orientation in Each iVR MCI Scenario (Onsite)

Attention to task-relevant information was assessed using eye tracking in the first 30
seconds of each scenario. Eye-tracking data were collected using Varjo Base and analyzed with
the software iMotions (2022). The gaze behavior was analyzed in terms of average fixation
durations and number of fixations of the areas of interest (AOls; Clay et al., 2019; Nguyen et
al., 2017). AQIs included patients, vehicle impact zones, safety aspects, and a distractor
(Multimedia Appendix File 4.1 gives scenario descriptions). Within the iMotions software,
AOIs were defined graphically, and the software automatically computed the fixation parameter

(Farnsworth, 2024).

Objective Triage Accuracy and Speed in Each iVR MCI Scenario (Onsite)

Triage accuracy was measured by the number of correctly assigned triage colors per
scenario. The accuracy score for each scenario was divided by the number of patients in that
scenario. The accuracy scores of all 5 scenarios were then averaged, leading to possible values
between 0 and 1 (standardized Cronbach’s o = 0.76).

Speed of triage was measured as the time from the start of the scenario to the completion
of triaging the last patient (standardized Cronbach’s a = 0.82). Note, however, that due to the
different lengths of the scenarios, averaging with non-standardized times would lead to a
stronger weighting of the more complex scenarios with longer duration and a larger temporal
variance. To avoid this, a standardization was performed: values were divided by the average

triage speed of the specific scenario before being averaged. Consequently, values <1 signified
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a triage process faster than the average, while values >1 denoted a slower-than-average triage

pace.

Information Transmission to Control Center in Each iVR MCI Scenario (Onsite)

To assess how quickly and completely medical staff transmit information, an efficiency
measure was formed as a combination of completeness and speed. Participants’ radio messages
during the scenarios were recorded and transcribed according to the content-semantic
transcription by Dresing and Pehl (2018). A coding system based on the qualitative content
analysis by Mayring (2015) was then applied, with categories derived from the SSSS scheme
(Schmid et al., 2022) and added to a coding template. Next, 2 independent raters (university
students specifically trained for this) analyzed the transcripts with the software MAXQDA
(VERBI GmbH), without access to any information on the participants (interrater agreement:
97% for categorization and 93% for assessment of correctness). Discrepancies were resolved
through discussion and, if necessary, together with a third rater (ASB). Statements were
categorized, with a maximum of 1 point awarded for each of the 4 categories. Half a point was
awarded for scene if participants only mentioned that it was a traffic accident, and a full point
if more information was given (e.g., the type of street or number of vehicles involved).
Furthermore, a penalty for mistakes was implemented: 0.3 points were deducted for each error
in the respective category. Regarding the category situation, an error was given if the number
of patients was not stated correctly. In the 2 most complex scenarios, no penalty was applied if
an estimate close to the correct number was reported (+/- 2; e.qg., for scenario 4 with 8 patients
“almost 10” or “between 7 and 9”; n = 4 cases). No penalty was given for incorrectly stated
triage colors, as these are already covered by the triage accuracy variable. The scores of the 4
categories were added up (range: 0—4 points) and standardized based on the number of words

in the radio message (i.e., divided by the word count). This standardization accounted for
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unclear, redundant and superfluous communication (possibly even in the same time by simply
speaking faster), which poses a risk to the management of MCls (Hutchins & Timmons, 2006).
Finally, the average score across all 5 scenarios was calculated (standardized Cronbach’s a =

0.83; range: 0.03-0.15).

Subjective Performance of Each iVR MCI Scenario (Onsite)

Subjective performance was assessed with 2 items after each scenario: “How do you
rate your performance in the last scenario?” (1 = very bad and 10 = very good) and “What
school grade does your performance correspond to?” (scale: 1-6, with 1 being the best grade).
We used 2 items to increase the reliability in capturing the construct. Before the items were
averaged, the second item was inverted and transformed to match the 1 to 10 scale of the first

item (Cronbach’s a = 0.86):

11 (0riginal Value — 1
6—1

)x (10 = 1) + 1)
4.3.5 Analyses

Analyses were conducted with R (version 4.3.2; R Core Team). Hypotheses Hla to 1d
were tested with both expertise measures separately, distinguishing between MFRs and non-
MFRs as well as using the triage knowledge test. For hypothesis 1a specifically, a multivariate
ANOVA was used because of the multiple AOI categories. According to the Mardia test, the
assumption of multivariate normal distribution was violated, but multivariate ANOVAs are
robust to this specific violation, particularly in cases of homogeneous covariance matrices,
which was given (Finch, 2006). For hypotheses 1b, 1c, and 1d, independent t tests were
performed to test for differences between MFRs and non-MFRs. For hypothesis 1b, the Welch
t test was used because the Levene test indicated a violation of the assumption of homogeneity

of variance. Hypotheses 1c and 1d were tested with the student t test. According to the Shapiro-
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Wilk test, the assumption of normality was violated testing hypothesis 1b and hypothesis 1d.
However, t tests are largely robust against this violation, especially because both group sample
sizes were relatively similar and >30 (Pagano, 2013; Rasch & Guiard, 2004). The Bonferroni-
Holm method was used to control for multiple testing in the t tests (hypotheses 1b-1d).
Spearman rank-order correlations were used to examine the relationship between the
knowledge test score and the outcome variables in hypotheses 1a to 1d, as they are robust to
distributional violations and outliers. In addition, when correlations were significant, regression
analyses were conducted to test the relationship while controlling for age and gender. We
selected these 2 control variables because they are potential influencing factors in iVR
performance situations (Felnhofer et al., 2012; Parra & Kaplan, 2019). For the regression
analyses, independent variables and covariates were centered (for gender: -1 = female and 1 =
male). Hypothesis 3 was tested with Spearman correlation analyses.

Outliers were defined as values that were 3 SDs above or below the mean. These values
were winsorized (i.e., set to mean +/- 3 SDs, respectively) to reduce the influence of outliers on
the results (Ratcliff, 1993). Analyses were conducted with adjusted outliers and with original
variables to examine the robustness of results. When technical problems occurred during the
assessment (e.g., technical failure of the eye tracking or the microphone for radio message
recording), the respective measure was excluded instead of excluding the entire dataset of the
participant. Therefore, hypothesis 1a, which addressed eye-tracking data, was tested with a
sample of n = 71 for the AQIs patients, safety, and vehicle impact zone, and n = 57 for the
distractor. Hypotheses 1b and 1c, which examined triage behavior, were tested with n = 74 and
hypothesisld, which focused on information transmission, was tested with n = 70 participants.

There were no missing values for subjective performance (hypothesis 3).
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4.3.6 Ethical Considerations

This study was preregistered (Baetzner et al., 2023) and approved by the ethics
committee of the Faculty of Behavioral and Empirical Cultural Sciences at Heidelberg
University (AZ Bae 2023 1/1), and carried out in accordance with the Helsinki Declaration on
Ethical Principles of Research Involving Humans. To ensure transparency in the analysis
process, the R Markdown file, containing the R code and all results, is available on the web
(Wrzus, Baetzner, et al., 2024). Data was collected in a pseudonymized manner and
subsequently anonymized for analysis. As an incentive, the participants received €25 (US

$27.48 on Feb 1, 2023).

4.4 Results

4.4.1 Analyses

To capture 2 different measures of expertise, analyses were conducted with occupational
group as a dichotomous measure (MFRs vs. non-MFRs) and the triage knowledge test scores
as a continuous measure. Means and SDs of performance indicators per scenario can be found

in Table 4.1 in Multimedia Appendix 4.1.

4.4.2 Demographics

The classification of expertise based on the profession was supported by the results of
the knowledge test. MFRs had a significantly higher knowledge score than non-MFRs,
twerch(66.17) = -3.43, p = .001, d = 0.79. More information on the groups can be found in Table
4.2. Most participants were not familiar with any triage system before this study (43/76, 57%;
34/43, 79% of those being non-MFRs). Some (27/76, 36%) participants knew the mSTART
(modified START) algorithm, 12% (9/76) knew PRIOR (Primares Ranking zur Initialen

Orientierung im Rettungsdienst), and 1% (1/76) the START algorithm. Of the non-MFR group,
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65% (24/37) had no prior MCI training, and 30% (11/37) non-MFRs had <5 hours. 3% (1/37)
had up to 20 hours, and 3% (1/37) had up to 30 hours of MCI training. Regarding the MFRs’
prior MCI training experience, 8% (3/39) reported none, 31% (12/39) had up to 5 hours, 18%
(7/39) had up to 10 hours, 18% (7/39) had up to 20 hours, 5% (2/39) had up to 30 hours, 8%

(3/39) had up to 40 hours, 5% (2/39) had up to 50 hours, and 8% (3/39) had >50 hours.

Table 4.2
Description of expertise groups: medical first responders (MFRs) and medical students and

other medical staff (non-MFRs).

Characteristics MFRs Non-MFRs
(n=39) (n=137)

Age in years (M, SD) 27.00 (7.15) 24.00 (4.07)

Gender: female, n (%) 11 (28) 20 (54)

Job experience in years, mean (SD) 6.53 (7.01) 1.62 (1.94)

Experience with iVR?, none or only 1-2 times, n (%) 33 (85) 34 (92)

Knowledge test score, mean (SD)° 13.46 (2.73) 10.89 (3.70)

Note. 3iVR: immersive virtual reality.

The knowledge test score could range from 0 to 20.

4.4.3 Visual Attention During Orientation and Expertise (Hypothesis 1a)

MFRs and non-MFRs did not differ significantly in their mean durations of average
fixation in the 4 AOI categories of patients, vehicle impact zones, safety aspects and distractor,
Pillai’s trace = 0.03, F(4, 52) = 0.40, p = .81. Furthermore, there were no significant correlations
between the knowledge test score and the average fixation duration in any of the 4 AOI

categories (Table 4.3).
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Table 4.3

Duration of average fixation (DOAF) of specific area of interest (AOI) categories across the

5 scenarios.
28]6:: Patients Safety V12 zone Distractor
Examples of All patientsand  Scenario 1: VI zones in all Only in scenario
AOI cues no bystanders spilled oil; scenarios; in 3: filming
scenario 2: scenario 3 and bystander
ongoing traffic,  scenario 4 mean
scenario 5: value of 2 VI
ongoing traffic, ~ zones
spilled oil,

broken glass
Value per group, mean (SD)

MFRs®  397.41 (105.55) 319.09 (105.69) 314.50 (80.39)  215.13 (92.28)

Non-

MRs  40318(10697) 319.37(91.20) 31521 (9261) 24135 (118.76)

Correlation with triage knowledge test
p .06 -.10 17 23

p 61 40 15 08

Note. Time in milliseconds; fixation duration was first averaged per scenario and then averaged
across the five scenarios.
aV/I: vehicle impact.

PMFR: medical first responder.

Regarding the fixation count, MFRs and non-MFRs did not differ across the 4 AOI

categories, Pillai’s trace = 0.15, F(4, 52) = 2.37, p = .06. Again, the triage knowledge test was

not significantly associated with the fixation count in any of the AOI categories (Table 4.4).
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Number of fixations of specific area of interest (AOI) categories across 5 scenarios.

FC2 AOls Patients Safety VI° zone Distractor
Examples of  All patients and Scenario 1: VI zones in all Only in scenario
AOI cues no bystanders spilled oil; scenarios; in 3: filming
scenario 2: scenario 3 and bystander
ongoing traffic; scenario 4 mean
scenario 5: value of 2 VI
ongoing traffic, zones
spilled oil,
broken glass
Value per group, mean (SD)
MFRs®  12.51 (4.43) 8.90 (5.46) 8.84 (3.29) 2.73 (2.13)
Non-
MERS 12.76 (4.30) 11.51 (6.47) 7.71 (2.80) 3.85 (2.36)
Correlation with triage knowledge
P -.09 -.16 .02 .04
p 46 18 .89 .76

Note. Fixation count was summed up per scenario and then averaged across the five scenarios.

4FC: fixation count.
b\/|: vehicle impact.

‘MFR: medical first responder.

4.4.4 Triage Accuracy and Expertise (Hypothesis 1b)

MFRs had a significantly higher triage accuracy than non-MFRS, tweich(61.62) = -2.04,

p = .02 (Bonferroni-Holm corrected p = .045), d = 0.48. On average, MFRs triaged 84% of the

patients correctly (SD = 12%) while non-MFRs triaged 77% correctly (SD = 18%; see Figure

4.2A depicts the distributions).
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Figure 4.2

(A) density plots per group for triage accuracy, (B) triage speed, and (C) information
transmission efficiency. The dashed lines mark the average per group.
A) P = ®) R © Group
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Furthermore, a higher knowledge test score was associated with significantly higher
triage accuracy, Spearman’s p = .40, p <.001. A multiple regression analysis was used to test
this relationship while controlling for age and gender. More prior triage knowledge significantly
predicted higher triage accuracy during the scenarios, b = 0.02, SE = 0.005, p = .002, while age
(b =-0.001, p =.67) and gender (b = 0.005, p = 0.89) were not significant predictors. The model
explained 9% of the variance (adjusted R?), R? = .13, F(3,70) = 3.45, p = .02. However,
according to the Shapiro-Wilk test, the assumption of normal distribution of the residuals (p
<.001) was violated. Therefore, bootstrapping with 5000 draws was therefore used to test the
stability of the results. Again, prior triage knowledge significantly predicted triage accuracy

during the scenarios, b = 0.02, SE = 0.00, 95% CI [0.01, 0.03].

4.4.5 Triage Speed and Expertise (Hypothesis 1c)
MFRs completed the triage process significantly faster than non-MFRs, t(72) = 1.79, p
= .04 (Bonferroni-Holm corrected p = .045), d = 0.42. On average, MFRs required 95% of the

average triage speed, whereas non-MFRs needed 5% more than the average (MFRs: M = 0.95,
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SD = 0.23 and non-MFRs: M = 1.05, SD = 0.23; Figure 4.2B depicts the distributions). The
knowledge test score was not significantly associated with triage speed, Spearman p = -0.04, p

=.72.

4.4.6 Information Transmission and Expertise (Hypothesis 1d)

MFRs transmitted information significantly more efficiently than non-MFRs (MFRs: M
=0.09, SD = 0.03; non-MFRs: M =0.06, SD =0.03), t(68) = -4.74, p < .001 (Bonferroni-Holm
corrected p <.001), d = 1.13 (see Figure 4.2C depicts the distributions). However, there was no
significant correlation between the knowledge test score and efficiency of information
transmission, Spearman p =0.19, p = .11.

Explorative analyses were conducted with information transmission scores and word
counts separately. Averaged across the scenarios, MFRs did not transmit significantly more
correct information (MFRs: M = 2.15, SD = 0.80; non-MFRs: M = 2.07, SD = 0.72; maximum
score = 4), t(68) = -0.44, p = .33, d = 0.11. However, MFRs transmitted information in fewer
words (MFRs: 32.34, SD = 20.99; non-MFRs: 46.09, SD = 23.68), t(68) = 2.57, p =.006, d =
0.62. Knowledge test scores were not significantly correlated with the number of correct
information (Spearman p = -0.05, p = .67) or information transmission length (Spearman’s p =

-0.13, p = .29).

4.4.7 Testing the Incremental Value of Attention (Hypothesis 2)

As reported for hypothesis 1a, the attentional indicators assessed with eye tracking did
not discriminate between different levels of expertise. Accordingly, testing the incremental
value of visual attention indicators beyond the other performance indicators for distinguishing

levels of expertise (hypothesis 2) was inapplicable.
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4.4.8 Subjective Performance and Objective Performance Indicators (Hypothesis 3)
There were no significant correlations between subjective performance (M = 6.77, SD
=1.13) and any of the objective performance indicators (all p >.05; see Figure 4.3). Conversely,
significant associations were observed between some objective performance indicators,
including between greater triage speed and less efficient information transmission (rho = -.33,
p =.01), and between less visual attention to safety cues (as measured by fixation count) and

greater triage accuracy (rho =-0.31, p =.01).

4.4.9 Explorative Analyses

Exploratively, we tested whether prior iVR experience was associated with any of the
examined performance indicators. For both MFRs and non-MFRs, the overall median value
was 2 (i.e., tried iVR 1-2 times). Prior iVR experience did not correlate with any performance

indicator (all p > .05; Figure 4.3).
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Figure 4.3
Spearman correlation analysis among the performance indicators and immersive virtual

reality (iVR) experience (above diagonal: p values, below diagonal: p values).
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Subjective performance 0.40 0.01 0.19 -0.14 0.16 -0.02 -0.15 -0.20 0.05 -0.05 0.18 0.03

DOAF patients 0.38 - 0.42

DOAF safety . <0.01

DOAF VI zone 0.11 <0.01 <0.01

-0.03 -0.12 -0.15 -0.17 -0.27 -0.03 0.04 -0.24 -0.03 0.8
0.34 -0.08 -0.09 -0.09 -0.02 -0.04 0.04 -0.20 -0.04 0.02 06
0.04 -0.15 -0.25 -0.31 -0.19 0.18 -0.02 -0.11 -0.13
DOAF distractor 0.31 0.01 0.21 025 0.24 0.09 0.10 -0.15 0.11
FC patients 0.8 0.32 0.46 0.20 0.47 0.20 -0.02 0.11 -0.11 0.11 0.20

FC safety . 0.21 0.43 0.04 0.11 0.15 .4).23 -0.08 -0.31 0.01-047 005 [ [ 0
FCVIzone 023 047

0.01 0.06 0.10 0.06 0.06 0.02 -0.07 0.31 0.11

FC distractor 0.14 0.04 0.03 0.17 -0.21 -0.04

Triage accuracy 0.06 0.12 0.18

Triage speed

Information transmission 0.14 0.05 0.37 0.29 0.39 0.17 0.01 0.13 0.32 0.01 .0.11

0.28 0.41 0.10 .0.38 .0.12 0.13 0.37 .

Note. iIVR experience refers to prior iVR experience as assessed in the preliminary

iVR experience

questionnaire, prior iVR experience was not winsorized because of the ordinal data structure.

DOAF: duration of average fixation; FC fixation count; VI: Vehicle impact.
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4.5 Discussion

4.5.1 Principal Findings

The prehospital triage process is a central aspect of managing MCIs, and if done
correctly, leads to an efficient allocation of treatment and transport. As MCI real-life exercises
are resource-intensive and therefore infrequently conducted, iVR has emerged as a new triage
training method (Baetzner et al., 2022). Due to the novelty of such training, systematic
evaluations of potential indicators that can be used to assess performance are still needed. This
study aimed to provide such an evaluation. The objective performance indicators of triage
accuracy and speed, as well as information transmission efficiency, significantly differentiated
between MFRs and non-MFRs. In addition, higher triage accuracy was significantly associated
with more prior triage knowledge, even when controlling for age and gender. Interestingly,
however, visual attention did not differ with the level of expertise. Furthermore, in contrast to
the third hypothesis, subjective performance was not correlated with any other performance
indicator. Next, we discuss possible explanations as well as future directions for deriving

meaningful performance indicators in iVR MCI training.

4.5.2 Visual Attention During Orientation

Visual attention represents a relatively novel potential performance indicator that has
received limited attention from research in prehospital contexts. In other medical fields, studies
using eye tracking have already identified differences in visual attention between experts and
novices (Al-Moteri et al., 2017; Currie et al., 2019; Shinnick, 2016). In this study, we found no
significant associations between visual attention and expertise, which aligns with findings
based on 2D videos of an MCI (Price et al., 2022). However, the results stand in contrast to 2
studies using 2D prehospital images as stimuli (Loth et al., 2019; Prytz et al., 2018). Loth et al.

showed that after START triage training, participants directed their attention more swiftly to
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triage information boxes. The transferability of such findings to a 3D virtual scenario without
information boxes remains uncertain (Loth et al., 2019). In the second study, MFRs and novices
differed significantly in their visual attention when looking at MCI photos without information
boxes (Prytz et al., 2018). Several factors could explain the discrepancies. First, the former
study used a purely 2D examination, which may not translate seamlessly into 3 dimensions. In
contrast, iVR offers greater ecological validity for natural gaze behavior by providing a larger
field of view and the ability to visually explore the environment by moving the head (Clay et
al., 2019). Moreover, the stereoscopic visualization in iVR enhances depth perception through
binocular cues (Lang et al., 2012). Previous research has demonstrated that 3D input can
significantly alter attentional processes compared to 2D input (Li et al., 2020), although it has
not yet been directly compared in the context of MCI scenarios. The additional visual cues in
the 1VR scenarios of this study may have enabled non-MFRs to more quickly identify relevant
AOls, thereby reducing differences between MFRs and non-MFRs. Second, it is also possible
that MFRs had to exert more effort in filtering out irrelevant visual stimuli than they would with
two-dimensional input, which could diminish potential differences between MFRs and non-
MFRs. Furthermore, the former study (Prytz et al., 2018) included true novices, whereas the
current study included non-MFRs with medical knowledge (primarily medical students)
suggesting a possible power issue due to minimal effects between these groups, necessitating a
larger sample size. Alternatively, it is plausible that both groups in this study possessed a
minimum level of medical expertise necessary for effective visual attention, and effective visual
attention remains relatively stable with additional triage knowledge.

Furthermore, for MFRs, visual attention, especially toward non-patient information,
such as safety threats and distractors, may be less critical than in professions such as law
enforcement or military, where constant threat awareness is an integral part of training. For

instance, police officers with specialized training have exhibited superior visual search behavior
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for threats and overall performance in real-life exercises compared to their counterparts without
such training (Murray et al., 2024). Another possibility is that differences in visual attention
may only manifest when observing individual patients and their injuries, whereas our study
primarily involved participants viewing a broad overview of an accident scene during eye-
tracking measurements. Finally, it is worth considering that alternative visual attention
indicators may offer more nuanced insights. The selection of appropriate eye-tracking measures
is crucial, as certain fixation and saccade metrics or scan paths may be more applicable for
specific purposes than others, depending on the task and study population (Borys &
Plechawska-Wojcik, 2017). This study used 2 eye-tracking measures often used in studies on
visual attention in medical contexts (Al-Moteri et al., 2017; Blondon et al., 2015), the number
and length of fixations in predefined areas of interest (i.e., patients, safety aspects, vehicle
impact zone, and distractor AOIs). While fixation-derived metrics can be used as a measure for
visual attention and processing, saccade-derived metrics could provide further insights into
visual search strategies (Al-Moteri et al., 2017). Furthermore, experts may exhibit distinct eye
movement patterns and rapidly develop a holistic view of the scene, as observed in other

medical domains (Al-Moteri et al., 2017).

4.5.3 Triage Accuracy and Speed

During real-life MCI exercises, triage accuracy and speed have proved to be useful as
performance indicators, although usually not comparing different levels of expertise but pre-
post improvements after training (Cicero et al., 2012; Cicero et al., 2017; Dittmar et al., 2018).
Other studies used the indicators to compare different training methods (Ingrassia et al., 2015;
Knight et al., 2010; Mills et al., 2020; Yanagawa et al., 2018). Triage accuracy and speed have

also been used in iVR settings (Lowe et al., 2020; Mills et al., 2020; Vincent et al., 2008), with
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evidence suggesting that with more iVR training, participants become better and faster at
triaging in virtual MCI situations (Vincent et al., 2008).

The results of this study suggest that accuracy is a suitable performance indicator to
differentiate between different levels of expertise, with a medium effect size in terms of
profession (MFRs vs non-MFRs) and a medium to large effect size in terms of triage knowledge
(Cohen, 1988). These results are consistent with a previous study that found paramedic students
to be as good at triage accuracy in a real-world exercise as in an iVR scenario (Mills et al.,
2020). Conversely, a previous iVR study based on 360° video recordings found a less clear
relationship between triage accuracy and expertise, as there were no significant differences in
triage scores between residents and attendings, or between those with and without prior MCI
experience (Lowe et al., 2020). The medium rather than large effect size in the comparison
between MFRs and non-MFRs may be because the non-MFR group were not true novices, but
also had some medical knowledge. In addition, participants were able to reread the START
triage algorithms before starting the scenarios, possibly reducing the difference in triage
accuracy performance.

In addition, this study suggests that speed can serve as an indicator to discriminate
between MFRs and non-MFRs, as MFRs completed triage faster with a medium effect size
(Cohen, 1988). However, caution should be exercised when comparing this marker to real-life
exercises, as previous studies suggest that triage in virtual MCI scenarios may occur faster than
in real-life scenarios (Mills et al., 2020). This difference is likely due to differences in
locomotion and information retrieval. In this study, participants were able to teleport with their
controllers, allowing them to quickly cover large distances. Walking, as a method of
locomotion, would be closer to real-life but would require significantly larger training areas.

Future studies could compare MFRs and non-MFRs in iVR systems with natural locomotion
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and more realistic patient information retrieval to test whether the differences between the

groups are similar or greater than in this study.

4.5.4 Information Transmission

The transmission of information to the control center is crucial for the effective
coordination of rescue services and thus for the management of large-scale operations. As
depicted in the SSSS scheme, the rapid and clear transmission of information regarding the
MCI scene, safety hazards, patient information, and the need for additional support is essential
for mobilizing necessary reinforcements (Schmid et al., 2022). To our knowledge, this study
was the first to record radio messages and assess information transmission efficiency as a
performance indicator differentiating between different levels of expertise in iVR MCI training.
MFRs transmitted information more efficiently than non-MFRs (large effect size (Cohen,
1988)), yet no correlation with the triage knowledge test score was observed. Furthermore,
exploratory tests revealed that MFRs did not transmit significantly more accurate information
but managed to do so using fewer words. These results suggest that a certain level of theoretical
triage knowledge, that both groups seem to have had, is sufficient to facilitate MFR
communication. However, the ability to quickly convey relevant information may improve with
practical field experience.

The finding that MFRs transmit information more efficiently is consistent with a
previous non-iVR study, which found that trained physicians were better at following a
reporting scheme in a real-world simulation than their untrained counterparts (Ingrassia et al.,
2013). However, the radio messages in the former study were rated by observers only in 3
categories: not performed, incomplete, and complete. In this study, the radio messages were
analyzed in more detail. With the proposed method, trainees could receive more specific

feedback in addition to their efficiency score, including which SSSS categories they missed or

112



| Performance Assessment

inaccurately reported. Furthermore, information transmission as a performance indicator holds
promise for seamless integration into iVR, given the prevalent incorporation of microphones in
IVR headsets and the increasing feasibility of automated evaluations through real-time
transcription and artificial-intelligence applications. Future research may want to compare radio
transmissions from 1VR exercises with real-life exercises and actual MCI radio
communications, providing further insight into differences in communication effectiveness and
situational awareness, including the recognition and prioritization of hazards. In an Austrian
study with 7 firefighters and 6 paramedics, participants underwent a 1-minute reporting phase
following either an MCI scenario in iVR or non-immersive VR on a computer screen (Paletta
et al., 2022). In this former study, the information given during the reporting phase was
analyzed regarding situational awareness, the anticipation of consequences, and the
communication of actions. There was no significant difference between the 2 training
modalities. This highlights the utility of verbal information reporting as a performance indicator
not only within iVR contexts but also across various training modalities.

Nevertheless, future training should consider the locally used reporting schemes. In the
United Kingdom, for instance, the METHANE (a mnemonic for “major incident declared; exact
location; type of incident; hazards; access; number and type of casualties; emergency services
present and required”) framework is commonly used as a guideline for reporting information
(Lowes & Cosgrove, 2016). While the SSSS scheme greatly overlaps with METHANE, certain
aspects were not particularly explored in this study, such as the exact location and access
possibilities. In this study, participants started at the accident site instead of arriving there using
a virtual ambulance vehicle and also received no detailed information about the site beforehand.

Such aspects must be considered in studies using the METHANE scheme.
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4.5.5 Subjective Performance

Self-reported performance did not correlate with the applied objective performance
indicators, which contradicts previous research suggesting that self-assessed performance
validity is at least low to moderate in medical education (Blanch-Hartigan, 2011; Gordon,
1991). This discrepancy may stem from the fact that individuals often base their perception of
abilities on comparisons (Moller & Marsh, 2013). In terms of self-evaluation, people commonly
compare themselves to others (social comparisons) or to their own past performance (temporal
comparisons) (Moller & Marsh, 2013). However, in this study, the participants did not witness
other trainees’ performances, limiting social comparison options. In addition, comparing one's
own progress in performance may have been complicated by the scarcity of MCI training,
particularly because the non-MFR group lacked prior MCI training experience. It is also
possible that asking about a specific behavior, such as self-rated information transmission
performance, might have resulted in an estimate closer to the specific objective indicators.
While we assessed global self-rated performance, future studies could test whether specific self-
rated performance assessments correlate with objective indicators.

Overall, the findings underscore the significance of integrating objective indicators,
providing trainees with benchmarks to assess their performance. Still, self-evaluations remain
important because they help trainees reflect on their performance and enhance their self-
awareness (Gow, 2013). Furthermore, comparing objective and subjective performance could
potentially mitigate biases, such as the tendency for women to underestimate themselves

compared to men (Blanch-Hartigan, 2011).

4.5.6 Limitations and Future Research
This study included a German sample of participants that were, on average, relatively

young. Consequently, the generalizability of these findings to older populations and those
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from other countries should be tested in future research. For instance, previous iVR research
found that cohorts over the age of 40 years had lower triage accuracy than younger cohorts
(Lowe et al., 2020). This could potentially be attributed to greater familiarity with learning
technologies.

This study was based on the START triage algorithm because it is well known
internationally and several triage algorithms are based on it (Bazyar et al., 2019). However, in
Germany, the learned triage algorithm varies depending on the rescue organization and
region; thus, most of our sample was unfamiliar with START beforehand. Nevertheless, it is
quite similar to the mSTART algorithm (Bazyar et al., 2019), which was the most frequently
known algorithm in our sample. Future studies could program scenarios to initially allow
selection of the learned algorithm, through which the scenario would then proceed, as in a
previous study (Berndt, Wessel, Mentler, et al., 2018).

Furthermore, research on visual attention in prehospital settings is still in its infancy.
Larger studies considering various attention and eye-tracking indicators, such as gaze
movement patterns, would be beneficial in this regard. In this study, we investigated visual
attention after arriving on scene and therefore only used the first thirty seconds. For
standardization purposes, participants stayed at the starting position during this time.
However, visual attention during the exploration of the scene or even during the whole
scenario could also be an interesting indicator and more representative of behavior at real
MCls.

In this study, the ability to interact with patients was limited due to technical
constraints of the software. In contrast to 360° videos, a major strength of this study was that
participants were free to move around, which required them to decide how to navigate the
environment, gain a full overview, and ensure that all patients were located. However, other

than moving freely and using the controllers to open car doors, other actions, such as
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obtaining patient information, relied solely on visual and auditory cues as well as verbal
information acquisition. Recent advances in iVR MCI software have introduced additional
interaction features, including the use of a virtual toolkit with controllers, haptic feedback
through vibrating controllers when taking a pulse, and patients responding to simple
commands through automated speech recognition (Kman et al., 2023). As the need for verbal
requests to obtain patient information may have reduced immersion, future training may
benefit from the use of iVR MCI tools with more interactive features than those available in
this study.

In addition, the assessment of expertise should be examined in a more nuanced
manner. We used the participants’ professions as well as a triage knowledge test as expertise
indicators to cover the expertise construct in a broad manner, including theoretical knowledge
and practical experience. In contrast, previous studies often only used one indicator such as
years of experience (Price et al., 2022) or profession (Prytz et al., 2018). Still, measuring
expertise is challenging and likely depends on numerous factors, such as years of experience
(full or part-time), exposure to MCls, and the amount of MCI training. Future studies could
delve deeper into identifying measures suitable for assessing expertise and perhaps propose a

composite measure encompassing multiple factors.

4.5.7 Practical Implications

This study’s results highlight the suitability of iVR scenarios for MCI training and
performance assessment. With its resource-efficient implementation, iVR training offers a
valuable opportunity to supplement current MCI training. Although non-immersive VR on a
computer monitor may be an even more affordable option, immersive training is associated
with learning gains, increased enjoyment, and improved concentration (Guitiérrez et al., 2007,

Mahmoud et al., 2020). While initial costs for hardware, software, and personnel occur, iVR
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becomes less expensive with repeated use compared to real-life exercises, which require
ongoing organizational and financial resources (Mills et al., 2020). In addition, iVR software
can reduce costs associated with observers by automating performance assessments,
facilitating self-directed training, and allowing trainers to focus on higher-level observations.
Because previous research has shown that MCI performance declines over time, MCI training
should be conducted more frequently than once a year to ensure high-quality triage (Dittmar
et al., 2018). In this context, iVR training and performance assessment could provide a
valuable supplement to enable regular MCI training for large numbers of first responders. The
integration of iVR into standard training curricula could begin with theoretical instruction
(Dittmar et al., 2018), followed by regular iVR training, which could also be used to prepare
MFRs for large-scale, real-life exercises.

In particular, triage accuracy, speed, and information transmission seem to be effective
performance indicators for possible incorporation into iVR MCI training, complementing
each other by providing insights into various aspects of overall performance. These indicators
could be seamlessly integrated into future iVR learning programs to automate performance
evaluation, thereby reducing the workload on trainers and allowing them to focus on higher-
order evaluations, such as general procedures. The tested indicators are all suitable for
individual MCI training but may also be applied in team training and could even be enhanced
with novel team performance indicators, such as position and movement tracking (Wespi et
al., 2023). Furthermore, the integration of real-time performance measurement into a (smart)
scenario control could be valuable. On the basis of live data, the scenario difficulty could be
dynamically adjusted by either the trainer or artificial intelligence to meet the individual

needs of trainees.
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4.5.8 Conclusions

Overall, iVR proved to be a valuable tool for assessing the performance of MFRs in
MCls scenarios. The performance indicators triage accuracy, triage speed, and information
transmission can be extended to MCI training in iVR and capture multiple aspects of MCI
performance. While visual attention did not function as a valid performance indicator in this
study, future research might further explore visual attention as a potential indicator by
examining other aspects such as gaze patterns. Overall, iVR could be integrated into current
MCI training curricula to provide objective and potentially automated performance assessments

and allow for more frequent practice.
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MCls are considered particularly stressful for MFRs due to their complexity and the
additional tasks involved (Chaput et al., 2007; Hugelius et al., 2020). Nevertheless, the
performance of MFRs is critical to saving lives and improving patient health outcomes (Uhl,
Schrom-Feiertag, et al., 2023; Zechner, Uhl, et al., 2024). To ensure adequate preparation of
MFRs, MCI training must be effective despite the financial, temporal, and organizational
boundaries of MFR organizations (Mills et al., 2020). Traditional MCI training is often either
classroom-based without realistic, hands-on experience, or based on resource-intensive RLES
(Mills et al., 2020). To fill this gap, iIVR and MR have emerged as new MCI training methods
with increasing realism and feasibility, potentially allowing trainees to receive representative
training, including training under pressure. However, systematic and adequate evaluation of
such training is needed to ensure its effectiveness and identify areas for improvement
(Wakasugi et al., 2009). This dissertation therefore focused on testing the potential of iVR and
MR as training methods to prepare MFRs for MCls.

A systematic literature review of MCI training evaluation studies indicated the potential
of iIVR, but revealed a lack of research on immersive virtual training, in particular MR with
haptic feedback (Chapter 2). To address this research gap, MR MCI training was compared to
the gold standard, high-fidelity RLEs (Chapter 3). The results indicated that MR training and
RLEs elicited comparable responses on several outcomes, highlighting the potential of MR as
a valuable MCI training method, despite some limitations. Furthermore, most previous studies
relied on subjective measures, with less than one-third assessing behavioral performance
(Chapter 2). iVR and MR, however, offer the possibility to implement objective performance
assessments that are difficult to implement in RLEs. Therefore, Chapter 4 validated objective
performance indicators for MCI training in immersive virtual environments that can be used in

future training evaluations.
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Overall, the results of this dissertation demonstrated that iVR and MR training have the
potential to be a valuable complement to the preparation of MFRs for MCI response, while also
identifying areas for improvement. In the following sections, the results will be discussed
separately for the two research questions outlined in Chapter 1: 1) What effectiveness indicators
can be used to evaluate immersive virtual MCI training? 2) Can iVR and MR training be used
to prepare MFRs for MClIs? Next, strengths, limitations, and future research will be outlined,

followed by practical implications for iVR and MR MCI training.

5.1 Evaluation methods for iVR/MR training

This dissertation identified and employed several evaluation measures, also providing
guidance on how to evaluate future training. Previous research on iVR training has been
criticized regarding its quality (Mills et al., 2020). In fact, the systematic literature review in
Chapter 2 found only three quasi-experimental or experimental evaluations of iVR MCI
training and none of MR with haptic feedback. Thus, before the technologies can be
recommended for implementation in MFR organizations, high-quality evaluations are needed.
Regarding all MCI training evaluation studies, there was a wide variety of effectiveness
indicators, with more than half using written knowledge tests and/or self-report measures.
However, although declarative knowledge is required, transferability to the performance of
actions under stress is not necessarily given.

According to the integrative framework of stress, attention, and human performance
(Vine et al., 2016), high levels of stress can impair both attention and performance. This effect
is particularly pronounced in situations where an individual does not feel sufficiently prepared
for the task and has not developed effective compensatory strategies to maintain their
performance under pressure (Vine et al., 2016). As MCls are considered particularly stressful

(Hugelius et al., 2020), MCI training evaluations would greatly benefit from assessing stress
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levels and behavioral outcomes. However, less than a third of the studies found in Chapter 2
used behavioral performance outcomes, with most studies using composite observer ratings
with non-validated instruments (Chapter 2). Overall, there was little agreement on effectiveness
indicators for MCI training or specific instruments for outcome measures and little use of
objective performance indicators.

Based on previous research on iVR, first responder training, as well as the theoretical
models CAMIL (Makransky & Petersen, 2021) and the integrative framework of stress,
attention, and human performance (Vine et al., 2016), this dissertation employed a wide variety
of evaluation measures. These included perceived stress, exhaustion, MCI self-efficacy,
presence, learning gain, and open-ended questions on iIVR/MR training in comparison to RLES
(Chapter 3). This broad set of indicators provides a holistic overview of MR in comparison to
high-fidelity RLEs. Furthermore, as performance outcomes are an essential marker for the
evaluation of training success (Wakasugi et al., 2009), Chapter 4 focused on the identification
of objective performance indicators for immersive virtual MCI training. iIVR and MR are
particularly suitable for objective performance assessments (Chapter 4). Additionally,
automatic assessment of relevant performance indicators reduces biases (Salas et al., 2009) and
can create opportunities for MFRs to use iVR/MR for self-training in-between training sessions
with a professional trainer. Moreover, trainers could use automatically collected objective
training data for their feedback (Salas et al., 2009), leaving them with more capacity to focus
on higher-level processes or to identify specific training needs. The identified performance
indicators in Chapter 4 have been tested in iVR MCI scenarios so that they can apply to iVR as
well as MR MCI training. While the tested visual attention indicators were not found to be
valid, triage accuracy, triage speed and information transmission efficiency can be

recommended for integration in immersive virtual training. Additionally, the results of Chapter
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4 indicate that trainees may benefit from objective performance assessment, as their self-ratings
did not align with objective data.

The effectiveness indicators found and used in this dissertation relate primarily to the
trained individual (Chapters 2, 3, 4). However, MFRs typically work in teams (Manser, 2009;
Wespi et al., under review). While the applied indicators can be used in both individual and
team training, research on incorporating (additional) measures of team dynamics and
performance into MCI training remains limited (Chapter 2). Information transmission to the
control center was found to be an effective performance indicator in Chapter 4, contributing to
the assessment of communication skills in MCI situations. Yet, there is still a lack of indicators
to assess team processes within MFR teams.

Research on healthcare teams shows the same methodological issues as found in
Chapter 2: A limited use of objective performance indicators. A literature review found that the
majority of previous studies used self-reports of team performance (70%) and/or were
dependent on observers to assess performance (30%; Marlow et al., 2018). Raters, however,
often have to assess performance subjectively, so rater training is recommended for improved
rating (Marlow et al., 2018). Objective indicators could save resources and reduce errors or
biases. Particularly in terms of objective medical team dynamics and team performance
assessment, research is still in its infancy (Wespi et al., 2023). However, various potential
indicators have been discussed, including movement and position data, gaze behavior, speech
content, and voice analysis (Wespi et al., 2023). For instance, team movement tracking can be
relatively easily implemented in iVR/MR training and has already been used in the context of
IVR police training (Uhl, Nguyen, et al., 2023).

Ideally, evaluation measures during the training would be compared to desired outcomes
in a real-life setting. In the medical context this mainly refers to patient outcomes (Marlow

2018). Such a comparison would provide stronger evidence for the validity of effectiveness
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indicators and the training effectiveness in general (Marlow et al., 2018). However, this
approach is challenging in the context of MCls as they are unforeseen, irregular, and encompass
a wide variety of crisis situations including natural disasters, infectious disease breakouts, man-
made accidents, terrorist attacks or even war (Kar, 2024). MClIs therefore pose many
confounding factors for a systematic evaluation of the training prior to MCls. An alternative
approach might be to introduce iVR and MR as new training methods in a particular region and
compare MCI results from periods before to after their introduction. While this method is not
entirely free of confounding factors, many can be mitigated by averaging MCI data over several
years. However, this requires access to reliable records of past and recent MCls.

For more immediate effectiveness testing of iVR and MR, high-fidelity RLES such as
those applied in Chapter 3 may be used. Although they are also a training method, they are
considered the current gold standard (Tin et al., 2021) and can be designed to closely mirror
real MClI situations. A logical next step following this dissertation could therefore be to test the
effectiveness of iVR and MR training by conducting RLEs before and after training to assess
performance improvements in the performance indicators identified in Chapter 4. Relatively
realistic patient outcomes could be approximated by adjusting the health status and vital
parameters of simulated patients dynamically during the scenario based on real patient health
status changes in the past (see e.g., Neher et al., 2024 in the context of a neurological emergency

in the emergency department).

5.2 Effectiveness of iVR/MR MCI training

The results of this dissertation provide initial evidence that iVR and MR training can be
used to prepare MFRs for MCls, making them a valuable complement to existing MCI training
programs (Conrad et al., 2024). Building on the results of Chapter 2, which indicated that iVR

MCI training can lead to several similar outcomes as RLEs (see Mills et al., 2020), Chapter 3
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provides initial evidence that MR training can be used to prepare MFRs for MCls, as it has
mostly led to similar or near-similar responses as high-fidelity RLEs. Nevertheless, Chapter 2
only included three studies using iVR and the sample size in Chapter 3 was not large enough to
draw a firm conclusion about the effectiveness of MR.

While further evidence with larger sample sizes and the assessment of performance
improvements are needed, the effectiveness of immersive virtual training has been
demonstrated in other training contexts. The positive effects of immersive virtual training
described in Chapters 2 and 3 are consistent with a recently published review study that found
a positive impact of iVR on learning across different learning contexts, particularly for learning
content that involved active engagement and practical application (Conrad et al., 2024). In
addition, the effectiveness of immersive virtual training has been proven in other medical
education contexts, such as surgical skill acquisition (Mao et al., 2021) and nursing education
(Choi et al., 2022). The following sections focus on key factors of effective, representative MCI

training identified in Chapters 1-3 as promising but still requiring further research attention.

5.2.1 The roles of realism and presence for iVR/MR MCI training effectiveness

A particular strength of the MR training was its realistic simulation of the MCI
environment, which was comparable to RLEs in terms of stress and exhaustion levels, and
close-to-similar physical presence. According to the CAMIL model, presence is a key factor in
immersive learning. However, social presence was less pronounced in the MR training
compared to the RLE training, which may explain the moderate learning gain reported by the
MR group compared to the high learning gain reported by the RLE groups. Based on the
CAMIL, representational fidelity is an important antecedent for the feeling of presence, but

technical limitations affected fidelity in the context of patient interactions and communication.
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Another reason for reduced social presence may have been the uncanny valley effect
(Mori et al., 2012). This effect can be particularly strong in immersive virtual environments and
describes that increased human likeness in virtual characters typically leads to increased
acceptance up to point when the character looks almost but not quite real and triggers aversion
such as eeriness or even disgust (Schwind et al., 2018; Stein, 2018). Several theories exist to
explain this effect, with one prominent view suggesting that the abnormality of such virtual
characters elicits aversion due to perceived associations with disease (Schwind et al., 2018;
Stein, 2018). In Chapters 3 and 4, the virtual patients and their wounds were rendered as
realistically as possible within technical constraints to maximize the training’s representational
fidelity. However, this may have negatively affected the perception of the patients and reduced
social presence. A key challenge in iIVR/MR medical training is therefore to present patient
appearance, injuries, and behavior realistically enough to ensure representational fidelity,
without inducing the uncanny valley effect. Future training evaluations should consider
assessing if the uncanny valley effect occurs. Achieving a level of realism that overcomes the
uncanny valley remains hard to achieve for now, as both appearance and interaction must be
convincingly authentic (McMahan et al., 2016). Recent research indicates that the uncanny
valley can already be overcome in terms of the appearance of virtual humans on a computer

monitor, but realistic human behavior is more difficult to replicate (Bae et al., 2024).

5.2.2 The role of stress for iVR/MR MCI training effectiveness

Since MClIs are inherently stressful for MFRs, training programs based on
representative learning design should aim to induce a certain stress level as part of the learning
experience (see Chapter 1; e.g., Hutter et al., 2023). Chapter 2 highlights that previous MCI
training programs have not adequately addressed the role of stress. The comparison of MR

training and RLEs in Chapter 3 revealed comparable levels of stress in all groups. The RLEs
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demonstrated high fidelity, achieved through the professional makeup of the patient actors and
the creation of a highly realistic environment featuring a damaged bus in a road tunnel. The
comparable stress levels observed in the MR group suggest that MR scenarios are equally
effective for representative training as RLEs, the gold standard method. Comparable stress
outcomes between immersive virtual training and an RLE have also been found in police
training with n = 237 Dutch police officers (Kleygrewe et al., 2024b), indicating an already
high degree of realism of immersive virtual training across different first responder contexts.

Nevertheless, overall stress levels were relatively low in both the MR and RLE groups
(Chapter 3), which was also the case in the police training comparison (Kleygrewe et al.,
2024b). Eliciting authentic stress responses may be challenging in MCI training, regardless of
the training modality, because trainees are aware that, unlike in real MCI situations, there is no
danger to them or to real patients. However, the high presence values in the RLE groups, but
also medium-to-high values in the MR group indicate that participants perceived the simulated
situations as relatively realistic.

An alternative explanation for low stress levels in both groups might be a too low level
of training difficulty. To achieve optimal learning outcomes, scenario complexity should be
tailored to individual trainees or teams, seeking a balance between inducing sufficient stress
without becoming overwhelming (Hill et al., 2024). The participants in Chapter 3 were
predominantly MFRs with several years of professional experience, suggesting that more
complex scenarios with additional stressors may have been more appropriate to effectively
challenge and engage them. Nevertheless, even training under low levels of stress can be
beneficial for maintaining performance under higher levels of stress at a later time (see Hill et
al., 2024 for the concept of "behavioral vaccinations").

The scenarios used in Chapters 3 and 4 were highly standardized to minimize

confounding factors in the conducted research. However, for training purposes, more agile
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scenario adaptation could be considered, either by the trainer or automatically through
algorithmic rule sets (Zechner, Uhl, et al., 2024). To this end, real-time tracking of objective
performance metrics, such as those explored in Chapter 4, could be used in combination with
physiological and psychological stress measurement (see e.g., Zechner, Schrom-Feiertag, et al.,
2024). Based on this information, the scenario could be adapted by adding or removing
scenario-specific stressors.

For the preparation of the iVR scenarios in Chapter 4, scenarios with different levels of
complexity were created and stressors were identified together with MFRs from European MFR
organizations. These stressors included crowds of bystanders, screaming children, and MCls at
night and in fog. Furthermore, previous research has shown that in an iVR MCI scenario, a
sudden, severe injury to a virtual MFR colleague after first establishing a connection through
storytelling can significantly increase both physiological and self-reported stress levels
(Prachyabrued et al., 2019). However, a systematic identification and evaluation of specific
stressors for iVR and MR MCI scenarios, similar to efforts in iVR police training (e.g.,
(Zechner, Kleygrewe, et al., 2023), is still outstanding.

Altogether, immersive virtual training seems to be comparable to RLEs in several
outcomes, including the degree of realism and induced stress. Moreover, trainees saw potential
in the technologies, especially in terms of reduced resource requirements and increased training
frequency (Chapter 3). Building on the results of this dissertation, interesting next steps include
the investigation of performance improvements through iVR/MR training and mechanisms for
effective scenario adaptation for training under stress. Current limitations in the interaction with
virtual patients lead to the recommendation to use the technologies as a complement, not a
replacement, which was also suggested by the trainees in Chapter 3. These results are consistent
with a recent study that found that MFRs are highly motivated by immersive virtual training

and would consider it a good addition to current MCI training programs (Vogt et al., 2023).
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5.3 Strengths, Limitations, and Future Directions

Some aspects have already been discussed in Chapters 2 to 4. Therefore, this section

focuses on broader strengths, limitations, and future directions.

5.3.1 Technological aspects

A notable strength of this dissertation was the integration of state-of-the-art iVR and the
latest MR technologies. These technologies continue to evolve and continuously offer
meaningful enhancements. Therefore, it is most likely only a matter of time before the
suggested improvements identified in Chapter 3 become feasible and should be implemented
in future training. For instance, automatic speech recognition and artificial intelligence may
improve communication with virtual patients, and the tracking of fine motor movements and
small haptic elements could allow MFRs to practice more medical procedures in immersive
virtual environments.

Despite the potential of iVR and MR demonstrated in this dissertation (Chapters 2-4), a
direct comparison between iVR and MR and their effectiveness in the context of MCI training
is still pending. For MFRs, hands-on interaction is critical in the diagnostic process (Zechner,
Uhl, et al., 2024). Furthermore, trainees in immersive medical training with virtual patients
have expressed strong appreciation for the inclusion of a haptic manikin (Girau et al., 2019).
Recent studies, however, present mixed results regarding differences in the perception of
presence between iVR and MR. While some report no significant differences in overall
presence (Elsenbast et al., 2024), others find no significant differences in physical presence but
report higher social presence scores in MR compared to iVR (Uhl et al., 2024).

Future research should examine how iVR and MR compare in MCl training, particularly
with regard to their impact on learning outcomes and performance improvement. Furthermore,

for an even more holistic assessment of performance, future MClI training studies could identify
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and validate behavioral performance indicators that are supported by MR elements. Such
performance indicators could include the correct application of tourniquets and the correct
execution of placing unconscious patients in recovery positions. However, given that the
current cost of MR training like the one used in Chapter 3, is not feasible for many MCI
organizations, the performance indicators validated in Chapter 4 were tested in iVR. These
indicators are applicable to both technologies and support single-user and multi-user

environments.

5.3.2 Training content and scenario development

A particular strength of this dissertation is the close collaboration with MFR
organizations and technology partners to ensure that the training content and scenarios in
Chapters 3 and 4 are highly relevant for MFRs. Thanks to their iterative input, the simulated
traffic accidents and the patients with their injuries were portrayed as realistically as possible
to increase representational fidelity. The scenarios used in Chapters 3 and 4 made use of a major
advantage of iVR/MR: the ability to simulate scenarios that are difficult to recreate in RLEs. In
particular, bus accidents, accidents on the highway or in a road tunnel, MCls in different
weather and visibility conditions, and scenarios involving different patient and bystander
groups, such as children, elderly people, or pregnant women, have enriched the scenarios.
Nevertheless, for Chapter 3, the MR scenario with a bus accident in a tunnel was recreated at
great expense to allow a comparison of MR and RLEs.

Despite their strengths, the scenario content also had its limitations. All the scenarios
developed for chapters 3 and 4 involved road traffic accidents. This narrow scope does not
reflect the full range of MCls, which can vary considerably in terms of the safety risks to MFRs

and the patient injuries. To date, no studies have compared different immersive virtual MCI
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scenarios to identify specific training needs based on the type of incident. Expanding research
in this area could provide critical insights for tailoring MFR training to different MCI contexts.

Furthermore, the MR setup in Chapter 3 only included manikins representing adult
males for haptic feedback. The lack of diversity in manikins, particularly those representing
female or other demographic groups, is a known issue in medical education. Globally, most
manikin manufacturers produce male-representative manikins, with 95% of manikins being
flat-chested and more indicative of the male gender (Szabo et al., 2024). Accordingly, a survey
of 56 training centers for cardiopulmonary resuscitation in North and Latin America found that
only 6% included female-representative manikins in their training programs (Liblik et al.,
2023). While the lack of female manikins has been discussed as a reason for increased hesitation
and error rates among medically trained military personnel treating women (Mazzeo et al.,
2021; Vaughan et al., 2024), effects of non-diverse manikins on MFR training are not

sufficiently understood.

5.3.3. Measurement and Assessment

Drawing not only on MCI training research as reviewed in Chapter 2, but also on
IVR/MR research, medical education research, and theoretical models such as the CAMIL
(Makransky & Petersen, 2021) and the integrative framework of stress, attention, and human
performance (Vine et al., 2016), this dissertation employed several multi-method evaluation
approaches. These include: 1) quantitative self-rated measures such as stress, exhaustion, self-
efficacy, learning gain, and presence (Chapter 3), 2) quantitative objective measures such as
visual attention via eye-tracking, triage accuracy, and triage speed (Chapter 4), 3) qualitative
data analysis of radio messages with two blinded and independent raters (Chapter 4), and 4)

qualitative feedback from trainees after the training (Chapter 3). The variety of evaluation
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measures provided a holistic understanding of the potential of iVR and MR in the context of
MCI training for MFRs.

Building on the findings of this dissertation, future research could further explore the
assessment of learning outcomes in the context of IVR/MR training. First, the effectiveness of
IVR and MR for specific learning objectives and outcomes is not sufficiently understood.
Studies on iVR and learning suggest that immersive virtual training is particularly suitable for
procedural knowledge and knowledge transfer (Jongbloed et al., 2024; Makransky & Petersen,
2021), but there are mixed findings on the use of iVR for factual and conceptual knowledge
(Makransky & Petersen, 2021). The reasons for iVR being suitable for factual and conceptual
knowledge acquisition in some training contexts and not in others are not sufficiently
understood. In addition, further studies are needed to test the effect of iVR and MR on the
different learning outcomes specifically in the context of MCI training. Furthermore, the
retention time following iVR and MR MCI training is still not determined. Future research
should examine how well MFRs can remember and apply the practiced content after weeks or

months in order to determine meaningful training intervals.

5.4 Practical implications and recommendations for iVR and MR MCI
training

Based on the findings of this dissertation, MFR organizations can enhance their MCI
training curriculum by integrating iVR and MR technologies. As discussed in Chapters 2-4 and
highlighted by participants in Chapter 3, iVR and MR provide a high degree of flexibility and
require less organizational and personnel resources than RLEs. This enables increased training
frequency, allowing trainees to develop routine (Chapter 3). iVR MCI training is also

financially attractive compared to RLEs (Mills et al., 2020), while MR may still be too
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expensive for most MFR organizations at this time. The following key considerations should

be taken into account when implementing iVR/MR MCI training:

5.4.1 Procedure

Training in iVR/MR, as described in Chapter 3, typically follows a common procedure
(see e.g., Zechner, Kleygrewe, et al., 2023; Zechner, Uhl, et al., 2024). The training begins with
a briefing to inform trainees about the training objectives and process, as well as to provide
them with the iVR/MR equipment. This is followed by a tutorial or practice scenario to
familiarize trainees with the technology. Once prepared, trainees proceed with the scenario(s).
Between scenarios, or after all scenarios have been completed, a debriefing is held to discuss

the training session. Finally, the training session should be evaluated.

5.4.2 Training preparation

As with any training program, it is important to first assess training needs and identify
objectives. This can help MFR organizations to decide whether iVR/MR training, RLEs,
traditional classroom training, or another training method is most appropriate (see Chapter 2
for an overview of evaluated MCI training methods). For example, basic skills such as initiating
and formulating radio communications can be effectively practiced using real radios, while
fine-motor, medical procedures can be practiced using manikins. Based on previous research
on iVR and its impact on learning, iVR/MR technologies can be particularly effective in
translating theoretical knowledge into practical skills (Makransky & Petersen, 2021). The
technologies also offer unique advantages, especially for scenarios that are difficult or
impossible to simulate using traditional methods (see Chapter 3). In addition, iVR/MR is well
suited for individual or small-group training, where the participation of numerous MFRs, other

first responders or patient actors is not necessary to achieve a realistic experience.
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As discussed in Chapter 4.5, iVR/MR can even be integrated into a broader training
curriculum. This integration could involve using iIVR/MR after classroom-based teaching of
factual knowledge and before engaging in resource-intensive, large-scale RLEs. This approach
allows trainees to put theoretical knowledge into action and build confidence and skills with a
potentially individualized training frequency, optimizing their preparation for high-fidelity

RLEs and real MCI situations.

5.4.3 Training execution

As IVR/MR systems can differ in their handling and not all MFRs have experience in
using the technologies, tutorials are essential before starting the training scenario (Heldring et
al., 2024). In the MR system described in Chapter 3, it was particularly important for trainees
to practice taking vital signs and applying tourniquets and triage cards, which trainees practiced
together on manikins in a virtual ‘waiting room’. The tutorial in Chapter 4 took place in a quiet
virtual residential area, allowing trainees to practice locomotion and patient information
gathering. Given the risk of technical problems during iVR/MR scenarios, such as temporary
HMD failures (Berndt, Wessel, Willer, et al., 2018), it can be beneficial to have staff or trainers
available to provide assistance. During the scenario, trainers can typically observe the training
on an external screen and make valuable observations beyond what the system records. In
addition, iVR and MR offer the ability to modify the scenarios in real time to optimize the
balance between the trainees’ expertise and the level of complexity. Depending on the system’s
capabilities, scenario adjustments can be based on a variety of factors, such as recorded
performance metrics and real-time stress data sent via portable biosensors (Zechner, Uhl, et al.,

2024).
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5.4.4 Debriefing and training evaluation

A key benefit of iIVR/MR training is its ability to enhance the debriefing process
(Zechner, Garcia Guirao, et al., 2023). The technologies can be used to create kind learning
environments (Hogarth, 2001), in which trainees can develop and improve their intuitive
expertise (Hogarth, 2001, 2010; Kahneman & Klein, 2009). Beyond providing representative
scenarios, the development of intuitive expertise is substantially supported by immediate and
high-quality feedback (Kahneman & Klein, 2009). Such feedback can be delivered during the
post-scenario debriefing or even be implemented as an immediate response to specific actions,
such as instant feedback following a triage category selection.

Furthermore, the technologies allow for richer post-scenario reflection by providing
detailed recordings and analyses that assist trainers and trainees to better understand how the
scenario evolved, why certain outcomes occurred, and how performance can be improved
(Zechner, Garcia Guirao, et al., 2023). Key moments can be reviewed from multiple
perspectives, such as individual team members’ or a bird’s eye view (Kleygrewe et al., 2024a).
Especially when combined with recordings of stress data and objective performance metrics,
IVR/MR debriefings provide a more comprehensive evaluation than traditional training
methods, supporting deeper feedback and understanding (Zechner, Garcia Guirao, et al., 2023).

Another essential point is the prior reflection of what training success would look like
according to the learning objective and which effectiveness indicators are suitable (see Chapter
2-4). For instance, improvements in relevant outcome variables can be assessed through pre-
and post-tests. According to Chapter 4, MCI performance indicators such as triage accuracy,
triage speed, and information transfer efficiency are particularly recommended. Although self-
assessed performance did not correlate with objective performance in Chapter 4, it remains

valuable for enhancing reflective skills (Gow, 2013). In addition, lack of improvement in
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relevant competencies, or insights from trainee evaluations, as collected in Chapter 3, can

provide critical feedback for ongoing training program improvement.

5.5 Conclusion

Regardless of whether they are man-made or caused by natural disasters, MCls cause a
large number of injured patients and fatalities each year. To effectively manage these high-
stress situations, MFRs require frequent, high-quality training. While classroom-based training
lacks the realism and complexity of real MClIs, RLEs are considered the gold standard, but are
too resource-intensive for frequent training. This dissertation demonstrates that iVR and MR
can help bridge this gap and provide a valuable addition to current MCI training curricula.
Immersive virtual training mostly produces responses that are comparable to those in RLEs,
highlighting its great potential. Although further research is needed to assess performance
improvements through iVR/MR training, this dissertation lays a necessary foundation by
validating relevant performance indicators. In particular, iVR and MR stand out for their
flexibility, which can lead to increased training frequency, and for their ability to create

scenarios that are difficult to simulate in RLEs.
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Appendix

Additional File 2.1

Search String

Pubmed

(("Health Personnel"[MeSH Terms] OR "Emergency Medical Technicians"[MeSH
Terms] OR "Emergency Medical Services"[MeSH Terms] OR "Emergency
Medicine"[MeSH Terms] OR "first responder*"[Title/Abstract] OR "emergency
medical technician*"[Title/Abstract] OR "ambulance"[Title/Abstract] OR
"paramedic*"[Title/Abstract] OR "prehospital”[Title/Abstract] OR
"nurse*"[Title/Abstract] OR "nursing student*"[Title/Abstract] OR "medical
student*"[Title/Abstract] OR "physician*"[Title/Abstract] OR "health
care"[Title/Abstract] OR "healthcare"[Title/Abstract] OR "emergency
service*"[Title/Abstract])

AND ("Teaching"[MeSH Terms] OR "Education"[MeSH Terms] OR "Simulation
Training"[MeSH Terms] OR "training*"[Title/Abstract] OR
"practice*"[Title/Abstract] OR "exercise*"[Title/Abstract] OR
"education*"[Title/Abstract] OR "teaching*"[Title/Abstract] OR
"simulation*"[Title/Abstract])

AND ("Disasters"[MeSH Terms] OR "disaster medicine/education”[MeSH Terms]
OR "Mass Casualty Incidents"[MeSH Terms] OR "mass casualt*"[Title/Abstract] OR
"disaster*"[Title/Abstract] OR "major incident*"[Title/Abstract] OR "major
accident*"[Title/Abstract] OR "catastrophe*"[Title/Abstract])

AND ("Comparative Study" [Publication Type] OR "Evaluation Study"[Publication
Type] OR "Outcome Assessment, Health Care”"[MeSH Terms] OR
"intervention*"[Title/Abstract] OR "effective*"[Title/Abstract] OR
"compar*"[Title/Abstract] OR "evaluat*"[Title/Abstract] OR
"measure*"[Title/Abstract] OR "assess*"[Title/Abstract])

AND (2010/1:2021/9[pdat]) AND (english[Filter]))

Web of Science

153

TS=((health personnel OR emergency medical service* OR emergency service* OR
emergency medicine OR first responder* OR emergency medical technician* OR
ambulance OR paramedic* OR prehospital OR nurse* OR nursing student* OR
medical student* OR physician* OR health care OR healthcare)
AND (training* OR practice* OR exercise* OR education* OR teaching* OR
simulation*)
AND (mass casualt* OR disaster* OR major incident* OR major accident* OR
catastrophe*)
AND (compar* OR evaluat* OR intervention* OR effective* OR measure* OR
assess*))

Language: English; Time Span: 2010-01-01 — 2021-09-30
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Pre- or pre- Mean  Age Gender Training
First author, year and in- Location (% . Results (long)
hospital age (SD) range female) Scenarios
p
There was no significant difference in knowledge increase between
. groups directly or 15 days after the training. Groups did not
:;g?;(k))ig)aelan et Prehospital  Iran ?315)2 NA NA Reconstructed accident  significantly differ in their mean performance increase directly after
' ' their trainings but the IG performed slightly better than the CG after
15 days (p =.02)
After the training, the overall correct triage score (pre: 53.9%, post:
Alenyo et al. . South 33.14 63.6%) and overtriage rate (pre: 31.4%, post: 17.9%) improved
(2018) Prehospital Africa (7.77) NA 496 NA significantly, while undertriage rates increased (pre: 13.8%, post:
17.8%; for all three no overlap in confidence intervals: p <.05).
20.66 The mean test scores for undergraduate students (pre: 9.84, post:
Alim et al. (2015) Both Indonesia (NA) 18-29 87.70 Earthquake 14.46) and diploma students (pre: 10.83, post: 14.68) improved
significantly (max. range: 0-20; both p = 0.001).
élgllzl)o etal. Prehospital  USA NA NA 833 NA ggzg;;’ez;\)n<k8%v(\)/lle;(.jge score improved significantly (pre: 79.2%, post:
Andreatta et al. Explosion in office After training, the CG had a greater knowledge improvemgnt than
(2010) Both USA NA NA NA building the IG (Cohen’s d = 0.63). The IG demo_nstrated a better triage
performance (Cohen’s d = 0.25; effect sizes only).
There were significant increases in scores for knowledge,
Andreatta et al. . performance, self-efficacy, and affect after training for both groups
(2015) Prehospital ~ USA NA NA NA Exposure to nerve agents (all p < 0.001). There were no significant differences in any of the
post-training outcomes for the two groups.
Bajow et al. Both ltaly 23.6 NA 48.28 Building collapse, fireon The .mean knowledge score improved significantly (pre: 41.0 %,
(2016) (1.9) boats at a seaport post: 67.7 %, p < 0.0001).
Separate analyses for relevant subsamples;
After training, nursing students reported significantly increased
interprofessional collaborative competencies (t(9)=7.673, p<.001),
Betka et al. Agriculture disaster disaster management competencies (t(9)=8.938, p<.001), and self-
(2021) Both USA NA NA NA sigwulation confidence (t(98)=5.893, p5.001). Th(ege)was no si%nifica)nt

improvement of medical students' interprofessional collaborative
competencies or self-confidence but they reported increased disaster
management competencies (t(6)=6.075, p =.001)




Chan et al. (2010) Prehospital

China

NA

NA

88.2

NA

The Wilcoxon signed rank test revealed that the mean competency
score was significantly improved after training (Z=-9.02, p < .001,
Cohen’s d = 2.79).

Chandra et al.

(2014)

Both

USA

NA

18 - 64

71

NA

From pre- to post-training, self-reported capability increased from
71% to 90% (p < .01). There was no significant increase of
knowledge.

Chou et al.
(2021)

Prehospital

Taiwan

NA

NA

54.17

Earthquake

Four knowledge domains were tested with possible scores between 0
and 2. The mean knowledge score increased significantly in the
safety domain (pre: 1.22, post: 1.91, p <.0001) and decreased in
disaster patient care (pre: 1.83, post: 1.44, p =.0005). There were no
significant differences in the mean scores for the communication or
resource management domains. There was no significant
improvement of willingness to pursue further training or interest in
disaster training exercises.

Cicero et al.
(2012)

Prehospital

USA

NA

NA

NA

School shooting,
playground violence,
school bus crash

Mean triage performance improved from 6.9 before training to 8.0
out of 10 patients accurately triaged one week after the training (p <
.0001). Five months later, there was maintenance of triage
improvement, with a mean triage score of 7.8 (n = 42; p <.0001).

Cicero et al.
(2017)

Prehospital

USA

NA

NA

NA

Multi-family house fire,
school shooting, school
bus crash

The median score of triage accuracy improved significantly between
baseline and the posttest two weeks after the training (pre: 80%,
post: 90%, p < 0.001). There was no significant difference between
the posttest and follow-up 6 months later.

Cowling et al.

(2021)

Prehospital

South
Africa

NA

NA

NA

Structural collapse

There was no significant improvement in knowledge test scores after
training. After the training, participants reported increased self-
reported knowledge (p < 0.001) and confidence (p < 0.001).

Cuttance et al.

(2017)

Prehospital

Australia

NA

NA

46.92

Traffic accident of a
minibus

Compared to the CG, all other groups had a significantly greater
number of correctly triaged cases (p < .001) and lower under-triaging
rates (p <.001). The CG had an accuracy rate of 47%. The provision
of either an educational refresher lecture or aide-memoir
significantly increased the accuracy rate to 77% and 90%,
respectively. Participants who received both the lecture and aide-
memoir had an overall accuracy rate of 89% which is significantly
higher than the rate of those only receiving the lecture (p =.02).
Over-triage rates were found not to differ significantly across any of
the groups.
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Dittmar et al.

Separate analyses for subgroup;

One year after the first training and before the re-training,
paramedics' overall performance score was 90%. After the re-
training, it improved to 97% (p < .05). While the overall

(2018) Prehospital - Germany  NA NA NA NA performance components accuracy, sensitivity, (critical) under-
triage, airway and bleeding management significantly improved, the
components specificity, (critical) over-triage, and time requirement
did not.

Edinger et al Mean knowledge improved significantly (overall pre: 66%, post:

(2019) ' Prehospital USA NA NA NA NA 81%, for 4/14 items p < .05). Self-efficacy also improved (for all 10
items p <.05).

Overall, the main effect of being in the IG on knowledge was

significant (p < .0001). Although the two groups already differed

before training (IG: 13.5, CG: 11.3, max. Range: 0-20, p = .023;
Radioactive and Cohen's d = .964), the use of Generalized Estimating Equations

Farra et al. (2013) Prehospital USA NA 18-57 91 explosive events controlled for these differences. Both groups showed a similar
improvement following the training (posttest; 1G: 17.68, CG: 16.24).
After two months, the 1G's knowledge scores demonstrated stability
over time while the CG showed significant decay (follow-up; IG:
16.95, CG: 14.10).

After watching the video of the drill, they participated in, 80% of the

Fernandez- students modified their self-perception (p = .001). The number of

. . behaviors and moments that the students were able to describe

Pacheco et al. Prehospital  Spain 29 (5) NA 57 NA . L % p= 031 S |

(2017) increased (k:iehawors. increase of 14%, p -.031; moments: increase
of 40%, p =.033). Scores in the other variables (thoughts, feelings,
strengths, and weaknesses) did not change significantly.

Foronda et al. . There was no statistically significant difference between the group’s

(2016) Prehospital USA NA 18-39 100 Earthquake ore- and post-test performance (p = .168).

nursing

students: Large outbreak of food Nursing students in the 1G had a greater change in attitudes (both p =
Furseth et al 21 (NA), po_isoning aboard a cruise .001), self-confi_dence (p< .(_)01) and satisf_action (p< .001_) than in
(2016) ' Both USA para- 19-45 67.2 ship, an the CG. Regarding paramedic students' attitudes, self-confidence and

medic explosion/bombing, a bus satisfaction, there was no significant difference between the two

students: crash trainings.

26 (NA)

Greco et al _ Toxic chemical_ spill After training, perceived !mportance of ethical reasoning (t_(89)=-

(2019) ' Prehospital USA NA NA NA caused by a train 2.832, p =.006) and confidence (t(89)=—6.609, p < 0.001) increased

derailment significantly.




Huh and Kang
(2019)

Both

South
Korea

23.12
(5.19)

NA

83.3

Earthquake, explosion at
a marathon tournament
(both part of in-class
learning)

After training, the IG had a greater improvement in disaster nursing
knowledge (t(58) = 14.37, p < 0.001), triage knowledge (t(58) =
7.90, p = 0.002) and disaster readiness (t(58) = 10.82, p < 0.001)
than the CG.

Hutchinson et al.

(2011)

Both

USA

NA

NA

NA

Explosion in a chemistry
lab (after posttest)

Mean knowledge scores for two out of three groups of nursing
students were significantly higher after training than before. The
sophomore students' mean knowledge increased from 60.97 to 95.60
(n = 26; p <.05) and the senior nursing students' from 49.97 to 85.70
(n = 24; p <.05). Junior-level students' knowledge did not increase
significantly (from 54.81 to 93.52; n = 31).

Ingrassia et al.
(2015)

Prehospital

Italy

NA

NA

NA

Car accident

On day 1, the group A live scenario triage accuracy was 58% and the
average time to assess all patients was 4'28 min per participant. For
group B, the overall virtual scenario triage accuracy was 52% and
the average time to complete the assessment was 5'18. There was no
statistical difference between the two groups. On day 3, the overall
triage accuracy for group A in the virtual simulation was 92% and
the average time was 3'53. In live exercise, group B performed the
triage with an overall accuracy of 84% in 3'25. Again, there was no
statistical difference between the two groups. However, there was an
equivalent significant improvement between the pre- and the
postintervention triage scores (day 1 vs. Day 3, p < 0.001). The time
to complete each scenario decreased from day 1 to day 3 in both
groups (p < 0.05). There was a significant improvement between the
day 1 and day 3 life-saving treatment scores in both groups (day 1
vs. Day 3, p <0.01).

Ingrassia,

Ragazzoni, et al.

(2014)

Both

Italy

NA

NA

61.5

Car accident

After training, the mean knowledge score increased from 3.95 to
8.29 out of 10 (p < .01). Triage accuracy improved from 45% to 78%
(p <.01).

James et al.
(2021)

Prehospital

USA

25.06
(7.74)

NA

94.10

House contamination/
bioterrorism, explosion at
a fertilizer plant, camping
chaos post-tornado

After training, participants reported more positive attitudes toward
teamwork in training (t(33)=-4.25, p < .01).

Jones et al.
(2014)

Prehospital

USA

NA

NA

22

Active shooter incident

After training, more participants felt prepared to respond to an active
shooter incident (pre: 41%, post: 89%) and comfortable working
jointly on rescue operations with law enforcement personnel in
response to an active shooter incident (pre: 61%, post: 93%; only
descriptive statistics reported).

Kim and Lee
(2020)

Both

South
Korea

22.82
(1.38)

NA

85.3

Gas explosion

After training, participants reported improved response attitudes
(t(33)=16.31, p <.001).
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Bomb explosion in a busy
urban street;

After training, triage accuracy was significantly higher in the IG than
in the CG (Chi? = 13.126, p = 0.02). 72% of the I1G and 55% of the
CG correctly triaged all 8 patients. Groups did not differ in the

Knight et al. Prehospital Uf"ted NA NA 28.57 . number of patients that received correctly followed procedure (p >
(2010) Kingdom domestic outdoor gas 05). H trai fthe 1G followed { d
explosion accident .05). owever, more ral'r;ees of the ollowed correct procedure
(scenario in evaluation) for all eight patients (Chi* = 5.45, p = 0.0196). There was no
significant difference in time to triage all casualties (p = 0.155).
IG:
21.16 After training, the 1G had significantly higher preparedness and self-
Koca and Arkan Both Turke (1.23) NA 77 45 Earthquake, fires and efficacy scores than the CG. Training explained 33.1% (R? = .331) of
(2020) y CG: ' combination of both the increase in disaster preparedness and 31.7% (R? = 0.317) of the
20.81 increase in disaster response self-efficacy.
(2.47)
Compared to the CG, the VR solution helped trainees to increase
their skills by a factor of 46% in terms of number of errors, 29% in
Koutitas et al _ terms qf speed and 36% as an overa!l performance (a metric that
(2021) ' Prehospital USA NA NA NA NA normalizes the error and speed metric in one formula). The AR
solution improved their skills by a factor of 34.5% in terms of
number of errors, 10% in terms of speed and 17% as an overall
performance (only descriptive statistics reported).
Nurses:  nurses: Separate analyses for relevant subsamples;
Kuhls et al _ _ 40 (I\_IA) 24-6_3 _ Afte_r the tra}ining, al! occupationgl groups reported a significant
(2017) ' Prehospital Thailand  physicia physici 54.94 NA confidence increase in each confld_ence categor_y surve_yed (@allp<
ns: 38 ans: .001). Physicians' and nurses' median changes in the different
(NA) 25-61 confidence areas were between 1 and 2 points (scale: 1-5).
Lampi et al. Prehospital  Sweden NA NA NA Bus cra_sh (scenario in There was no significant difference between pre and post-course test
(2013) evaluation) results (p >.05).
Separate analyses for subsample;
Lennquist A significant increase between pre- and post-course assessment was
Montan et al. Both NA NA NA NA NA registered for all items of the self-reported knowledge and skills
(2015) questionnaire (p < 0.001). The average increase for prehospital staff
was 74%.
IG:
(1(? 7262) Earthquake disaster as the After training, the IG rated their competency significantly higher
Maetal. (2021) Prehospital China CG: NA 83.7 background of the IG than the CG (t(102)=3.114, p =.002).
19.17 game

(0.80)




The mean value of the 4 self-reported knowledge items increased
from 3.11 before training to 4.35 after training (scale from 1 to 5; 3

'(\ggrl'(')’)‘ etal. Both USA NA NA  NA NA out of 4 items p > .0001). Greater than 35% opinion change was
found in several areas, including education differences in prehospital
providers, general teaching of prehospital care (both p < 0.0001).
Triage accuracy did not differ in the two tested training methods.
Participants needed more time to triage live patients compared to
virtual patients (p<0.001). Average heart rate, heart rate increase,
Police car chase and and maximum heart rate were significantly higher during the live
Mills et al. (2020) Prehospital Australia NA NA NA shooting simulation compared to the VR simulation (all p<0.001). Participants
reported a significantly higher immersion level during the live
simulations (p<0.001) which seems to be caused by the subscale
physical demand (p<001, all other subscales p>.05). There were no
significant differences in learning satisfaction.
After training, the IG had a significantly greater improvement in
IG: 37.3 knowledge than the CG (I1G: 53.3% to 63.4%, CG: 55.5% to 59.3%,
Motola et al. Prehospital USA (NA) NA IG: 4 Nerve agent, explosives, p =0.001). The IG performed better in the explosives and chemical
(2015) CG: 36.9 CG:7 radiologic event nerve agent scenarios than the CG (both p < 0.01) but there was no
(NA) significant difference between the groups in the radiologic scenario
(p = 0.51).
G- 43 Within each training group, there was a statistically significant
1. . .
(13) improvement in the mean pre- and post—coursej knowledge test scores
Paddock et al _ CG: 50 33.33 @allp < O._OOl_,_pretest_. 14.3%-20.8%, posttest: 53%_—54.3%). There
(2015) ' Prehospital USA (115 NA NA were no significant dlffere_nces between the three tral_ni_ng groups’
1G,: 43 p_ost—cour_se kr]owInge gains (p> 0.05)_. After the training _thg groups
) ’ Q|d not dlf_fer in their mean image acquisition scores or their image
interpretation scores.
Phattharapornjaro ggggrei[;&;glgig:]or:?o\{v';:; After training, self-reported knowledge increased in all domains (all
Both Thailand  NA 26-35 69.32 . SR p <.01) with the greatest improvement in safety issues (pre: 40%,
en etal. (2020) shooting, ost: 96%) and the lowest in treatment (pre: 54%, post: 71%)
Building fire post. pre- 947, post. 1270).
Plane crash on a soccer
field near the airport,
Pollard et al gzgé:{;ggergg;m’ The training led to a significant incree}se in knowledge. This result
(2015) ' Both USA NA NA NA explosion: was found in the subsample that provided complete data (t(7)=-2.35,

patient trapped in debris
field resulted from a
tornado

p = 0.05) as well as in the imputed dataset (t(40)=-11.72, p < 0.001).
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After training, the mean triage knowledge score (pre: 11.47, post:
13.63, max. Range: 0-15, p <.05) and the knowledge score in the

Pouraghaei et al. . . 34.97 i performance section increased significantly (pre: 10.73, post: 14.93,
(2017) Prehospital  Azerbaijan (6.42) 23-50 NA NA max. Range: 0-19, p < .05). The number of participants able to
perform the jaw trust airway maneuver increased as well (pre:
21.9%, post: 88.3%, p < 0.001).
After training, there was a significant improvement in knowledge
Ripoll-Gallardo scores (10.4 points, max. Range: 0-30; p =.001) as well as in
et al. (2020) Both Italy NA NA 37.5 NA performance scores (3 points, scale: 1-7; p =.000001). Attitudes did
not change significantly.
Rivkind et al. After training, the mean knowledge score increased significantly
(2015) Both Israel NA NA~ NA NA (pre: 54%, post: 68%, p < 0.001).
Saiboon et al. . After training, the mean knowledge score increased significantly
(2021) Both Malaysia ~ NA NA~ 804 NA (pre: 6.99, post: 13.31, max. Range 0-20, p < 0.001).
Hazardous
sﬂ?ef;:?cl)ségcgmﬁ:egpm In 2008, the average of knowledge scores improved from 39% to
. i 58% (n = 30) and in 2009 from 47% to 57% (n = 31). Self-reported
Scottetal. (2010) Prehospital ~ USA NA NA NA tr_uck ona r_ural two _Iane knowledge increased as well (2008: 3.76 to 7.64 out of 10; 2009:
highway with a possible i L "
- 2.52 to 3.76 out of 5; only descriptive statistics reported).
chemical exposure and
multiple victims)
Explosion at a major After training, there was no significant increase in knowledge or
Sena et al. (2021) Both USA NA NA NA sporting event with blast  perceived importance of disaster medicine training but a significant
injuries increase in confidence (pre: 2, post: 4, scale: 1-5; p = .011).
: Radiological bomb L - . .
Smith et al. Both USA NA NA NA explosion in front of a After t_ralnlr?g, participants reported increased self-efficacy
(2015) (t(64)=8.45; p < .001).
local courthouse
Unver et al. 21.95 The Wilcoxon signed rank test revealed that there was a significant
(2018) Both Turkey (0.26) NA 100 Earthquake increase in preparedness after training (Z = -7.572, p = .001)
After training (but before the cross-over), the IG had a higher mean
Wiese et al 26.5 Bus encountering a knowledge score than the CG (IG: 20.55, CG: 15.93, possible range:
(2021) Prehospital USA (3.49) 16-37 70.1 tornado 0-25; only descriptive statistics reported). Furthermore, participants

reported significant learning gains, regardless of whether the training
was live or virtual (9 out of 12 items: p <.05).




IG: 84.13 After training, the IG displayed greater theoretical knowledge scores
21' 6 o Ii(n theltr:jree _tested domafin; (alldp < .(_)1) E:ltl)’ld r?reate(r) ;I)(“rt_rel?qtedc .
. . ) : nowledge in two out of three domains (both p < .05) than the CG.
Xiaetal. (2020)  both China 8632)4 3 NA 83.87 Earthquake One month after the training, the IG had higher scores in theoretical
8 (1' 35') CG: and skill-related knowledge in one of the three domains. The groups
' 84.37 did not differ in their attitude at any point.
Collision between a Teams that included a chief EMT who attended the training as well
Yanagawa et al. - as teams that included staff members who attended the training did
both Japan NA NA NA minibus and a common S ;
(2018) X not perform significantly better than teams without (both total
automobile
performance scores p > .05).
After training, the 1G demonstrated greater improvement in
Zhang et al. . . . knowledge (t(58)=4.783, p < .001), performance (t(58)=4.416,
(2021) both China — NA NA 90 Covid-19 patients 0 < .001), technical skills (t(58)=2.708, p = .008) and disaster
preparedness (1(58)=5.295, p < .001) than the CG.
IG: After training, the IG scored significantly better in the knowledge
24.55 test (difference of 3 points, max. Range:0-50; p < 0.001). There were
Zheng et al. . . (1.14) . . no significant differences in performance between groups. The IG
(2020) Prehospital ~ China CG: NA 46.60 Traffic accident reported a higher satisfaction with the course (5 out of 8 items,
24.52 p < .05) but also perceived it as more work and burden (both,
(1.0) p <.05)

Note. IG = intervention group, CG = control group, NA = not available
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Risk of Bias

JBI CRITICAL APPRAISAL CHECKLIST FOR RANDOMIZED CONTROLLED TRIALS

1. Was true randomization used for assignment of participants to treatment groups?

2. Was allocation to treatment groups concealed?

3. Were treatment groups similar at the baseline?

4. Were participants blind to treatment assignment?

5. Were those delivering treatment blind to treatment assignment?

6. Were outcomes assessors blind to treatment assignment?

7. Were treatment groups treated identically other than the intervention of interest?

8. Was follow up complete and if not, were differences between groups in terms of their
follow up adequately described and analyzed?

9. Were participants analyzed in the groups to which they were randomized?

10. Were outcomes measured in the same way for treatment groups?

11. Were outcomes measured in a reliable way?

12. Was appropriate statistical analysis used?

13. Was the trial design appropriate, and any deviations from the standard RCT design
(individual randomization, parallel groups) accounted for in the conduct and analysis of the

trial?
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Supplementary Table 2.2

Risk of bias of the experimental studies.

| Appendix

First
author, 1 2 3 4* 5* 6* 7 8 9 10 11 12 13
year
Andreatta, not not not
2010 no yes yes appl. appl. appl. yes yes yes yes yes yes yes
not
Cuttance, yes yes yes not not not yes appl. yes yes yes yes yes
2017 appl. appl. appl. 1
Farra, es es no not not not not es es es es es es
2013 Y Y appl. appl. appl. appl. Y Y Y Y Y Y
not not not
Huh, 2019  vyes yes yes appl. appl.  appl. yes yes yes yes yes yes yes
Ingrassia, un- not not not
2015 yes yes clear appl. appl. appl. yes yes yes yes yes yes yes
Koca, yes yes yes not not not yes yes yes yes yes yes yes
2020 appl. appl. appl.
. not
Koutitas, yes yes un- not not not yes appl. yes yes yes yes yes
2021 clear appl. appl. appl. 1
not not not
Ma, 2021 yes yes yes appl. appl. appl. yes yes yes yes no yes yes
Mills not not not not
2020 ' yes no yes yes appl. yes yes yes yes yes
appl. appl. appl. 1
Motola, not not not
2015 yes yes yes appl. appl. appl. yes yes yes yes yes yes yes
Paddock, no es es not not not es es es es es es es
2015 y y appl. appl. appl. y y y y y y Y
Xia, 2020 es es es not not not es es es es es es es
: y Y/ Y/ appl. appl. appl. y! Y/ Y/ Y/ y! y! Y/
Zhang, es es es not not not es es es es es es es
2021 Y y y appl. appl. appl. y y y y y y Y
Zheng, es es es not not not es es es es es es es
2020 Y y y appl. appl. appl. y y y y y y Y

Notes. yes indicates a lower risk of bias, no indicates a higher risk of bias; not appl. = not applicable; questions

4-6 refer to blinding. Because blinding is hardly or not at all feasible in training evaluation studies, the items
were answered with not applicable; 'RCT studies with only a post-test.
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JBI CRITICAL APPRAISAL CHECKLIST FOR QUASI-EXPERIMENTAL STUDIES

1. Is it clear in the study what is the ‘cause’ and what is the ‘effect’ (i.e. there is no confusion
about which variable comes first)?

2. Were the participants included in any comparisons similar?

3. Were the participants included in any comparisons receiving similar treatment/care, other
than the exposure or intervention of interest?

4. Was there a control group?

5. Were there multiple measurements of the outcome both pre and post the
intervention/exposure?

6. Was follow up complete and if not, were differences between groups in terms of their
follow up adequately described and analyzed?

7. Were the outcomes of participants included in any comparisons measured in the same way?
8. Were outcomes measured in a reliable way?

9. Was appropriate statistical analysis used?
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Supplementary Table 2.3

Risk of bias of the quasi-experimental studies.

First author, year 1 2 3 4 5 6 7 8 9

Aghababaeian, 2013 yes yes yes yes yes yes yes yes yes
Alenyo, 2018 yes yes yes no yes yes yes yes yes
Alim, 2015 yes yes yes no yes yes yes yes yes
Aluisio, 2016 yes yes yes no yes yes yes yes yes
Andreatta, 2015 yes yes yes yes yes yes yes yes yes
Bajow, 2016 yes yes yes no yes yes yes yes yes
Betka, 2021 yes yes yes no yes yes yes yes yes
Chan, 2010 yes yes yes no yes yes yes yes yes
Chandra, 2014 yes yes yes no yes yes yes yes yes
Chou, 2021 yes yes yes no yes no yes yes yes
Cicero, 2012 yes yes yes no yes no yes yes yes
Cicero, 2017 yes yes yes no yes no yes yes yes
Cowling, 2021 yes yes yes no yes yes yes yes yes
Dittmar, 2018 yes yes yes no yes no yes yes yes
Edinger, 2019 yes yes yes no yes no yes yes yes
ggrlr;andez—Pacheco, yes yes yes no yes yes yes yes yes
Foronda, 2016 yes yes yes no yes yes yes yes yes
Furseth, 2016 yes yes yes yes yes yes yes yes yes
Greco, 2019 yes yes yes no yes yes yes yes yes
Hutchinson, 2011 yes yes no no yes yes yes yes yes
Ingrassia, 2014 yes yes yes no yes yes yes yes yes
James, 2021 yes yes yes no yes yes yes yes yes
Jones, 2014 yes yes yes no yes yes yes yes no
Kim, 2020 yes yes yes no yes yes yes yes yes
Knight, 2010 yes yes yes yes no 28;;'.1 yes yes yes
Kuhls, 2017 yes yes yes no yes yes yes yes yes
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Lampi, 2013 yes yes yes no yes yes yes yes yes
Merlin, 2010 yes yes yes no yes yes yes no? yes
Lennquist Montan, 2015  yes yes yes no yes yes yes no? yes
;gg'gharapornjaroen, yes yes yes no yes yes yes no? yes
Pollard, 2015 yes yes yes no yes yes yes yes yes
Pouraghaei, 2017 yes yes yes no yes no yes yes yes
Ripoll-Gallardo, 2020 yes yes yes no yes yes yes yes yes
Rivkind, 2015 yes yes yes no yes no yes yes yes
Saiboon, 2021 yes yes yes no yes no yes yes yes
Scott, 2010 yes yes yes no yes yes yes yes yes
Sena, 2021 yes no yes no yes no yes yes no
Smith, 2015 yes yes yes no yes yes yes yes yes
Unver, 2018 yes yes yes no yes yes yes yes yes
Wiese, 2021 yes yes yes yes yes yes yes yes yes
Yanagawa, 2018 yes unclear  yes yes no 28:)'.1 yes yes yes

Note. lonly a post-test; %called the outcome “knowledge”/”skills” but only measured self-rated

knowledge/self-rated skills.
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Additional File 4.1

Scenario Descriptions

Triage color categories: Green = minor injuries; yellow = patient’s transport can be delayed;
red = immediate intervention and transport needed; black = deceased (see the START triage

algorithm for further information)

Scenario 1 (Very Low Difficulty)

- Accident on countryside road (clear vision, middle of the day)

- Two cars with four people involved in frontal crash (one car left its lane and crossed
into incoming traffic)

- The cars have minor damage (clearly visible brake marks indicate the cars collided at
low speed)

- No bystanders or other vehicles around

- Traffic was stopped by the police

- Spilled oil
- Triage
o Four injured in total
o Three individuals are green, one yellow
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168

Scenario 2 (Low Difficulty)

Accident on a motorway (clear vision, cloudy day)
A car and a van were involved in a frontal crash (one car left its lane and crossed into
oncoming traffic). Additionally, a motor cyclist crashed into one of the cars and fell
far from the site
The vehicles show larger degrees of damage; light smoke emanates from the crash
zone
The accident site has already been secured; traffic passes by slowly but quite close to
the accident scene
Spilled oil around the motorcycle
One uninvolved car with three bystanders (a father with his son and a toddler daughter
left in her car)
o The father and the boy attend to two injured people while the toddler is
continuously screaming (distractor)
Triage
o Five injured in total (two from each car + a motor cyclist)
o One person from the cars is red (removed from the vehicle, attended to by the
bystanders)
o The other person from the car is yellow (also sitting outside the car)

o Inthe van, one person is yellow and the other passenger green

o The motor cyclist (far away from the site) is yellow




| Appendix

Scenario 3 (Medium Difficulty)

- One car has been rear-ended (with an angle) in a busy inner-city area. The hit car
skipped onto the sidewalk and collided with pedestrians, one of which is stuck under
the car

- The street is narrow and many bystanders stand around. High levels of noise come
from the crowd. One bystander accuses the MFR of working too slowly; another
bystander films the scene with her smartphone (distractors)

- The police stopped the traffic

- Triage

o Six injured in total

o The person under the car is red

o The person who caused the accident was thrown from their SUV (no seatbelt
worn), also red. The driver’s daughter is screaming for help (green). Another
passenger in the vehicle is yellow.

o The driver of the other car is yellow

o One pedestrian is yellow
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Scenario 4 (Greater Difficulty)

- Express way accident involving four vehicles in total
- Twilight
o One van with only a driver
o Three cars: one with three passengers (one adult male, one adult female who is
pregnant, one child), one with two passengers (one adult, one child), another
one with two passengers (two adults)
- (Almost) all individuals were removed from the cars
- Heavy damage to the van
- Many bystanders around; a high level of noise comes from the crowd and traffic; a
bystander toddler was left in one of the bystander cars and cries loudly (distractors).
- Alarge dog is walking around unleashed and barking
- Qil spill, broken glass on the floor, van is smoking at the front (light smoke)
- Triage
o Eight injured in total
o Vandriver black

o Family: driver (male) yellow, pregnant woman yellow, child green

o One of the other cars: adult driver red and child yellow
o Other car: both adults red
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Scenario 5 (Highest Difficulty)

Express way accident involving a bus and truck
Night-time and fog
Oil spilled and dark smoke emanates, with broken glass on the pavement
The accident site is already secured; traffic passes by relatively close to the accident
scene; the fire brigade has already set up floodlights
Some people are screaming (distractor)
Triage (18 people involved)
o Truck driver black

o Patients already outside of the bus: two black, two red, four green

o Patients inside the bus: one black, six yellow, two red

171



Appendix |

Performance per Scenario
Supplementary Table 4.1

Means and standard deviations of the performance indicators per scenario.

Indicator Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
DOAE patients 372.85 457.26 451.71 382.55 336.89
P (138.62) (237.30) (193.69) (214.41) (113.96)
316.46 338.82
DOAF Safety (200.61) (138.54) Not appl. Not appl. 306.31 (95.20)
302.97 374.25 341.27
DOAF VI zone 271.77 (97.65) (118.61) 280.13 (92.32) (267.63) (164.07)
DOAF distractor Not appl Not appl 233.33 Not appl Not appl
' ' (124.27) ' '
FC patients 13.82 (7.81) 5.81 (4.43) 12.60 (5.96) 8.25 (5.58) 23.72 (11.98)
FC safety 1.66 (0.81) 12.71 (8.77) Not appl. Not appl. 10.83 (5.42)
FC VI zone 12.39 (9.86) 6.11 (4.21) 11.43 (5.67) 4.40 (3.13) 5.83(3.47)
FC distractor Not appl. Not appl. 3.35(2.34) Not appl. Not appl.

Triage accuracy st. ~ 0.78 (0.28) 0.80 (0.26) 0.83 (0.19) 0.85 (0.19) 0.78 (0.18)

Triage accuracy non-

St 3.11 (1.11) 3.99 (1.30) 4.97 (1.15) 6.84 (1.52) 14.00 (3.25)

Triage speed st. 1.00 (0.37) 1.00 (0.26) 1.00 (0.27) 1.00 (0.32) 1.00 (0.33)

Triage speed non-st.  2.56 (0.94) 3.99 (1.03) 3.89 (1.04) 5.62 (1.78) 9.02 (2.96)

Info. transm.

efficiency 0.11 (0.06) 0.07 (0.05) 0.07 (0.04) 0.07 (0.03) 0.05 (0.03)

Info. transm. word

count 27.40 (21.80)  39.61(30.70)  38.35(29.52)  40.76 (29.87)  47.37 (30.10)

Info. transm. scores 2.16 (0.85) 2.05 (0.89) 2.10 (0.88) 2.18 (0.97) 2.02 (0.89)

Subj. performance 7.40 (1.40) 7.07 (1.52) 7.07 (1.55) 6.46 (1.94) 5.87 (1.67)

Note. Not appl. = Not applicable; DOAF = duration of average fixation, FC = fixation count,
VI zone = vehicle impact zone, st. = standardized, non-st. = non-standardized, Info. trans. =
information transmission, Subj. performance = subjective performance;

Variables are not winsorized.
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