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ABSTRACT

First responders are faced with various challenges and critical situations during their
operations. Virtual Reality (VR) training environments offer a great opportunity to
create realistic operational scenarios with appropriate levels of difficulty. To evalu-
ate VR-based training regarding cognitive-emotional and physical strain, a pilot study
with 13 first responders (firefighters and paramedics) was conducted. The study plan
aimed to induce equivalent strain in both, real environment (‘RC’) and VR-based (‘VR’),
training scenarios. In summary, the results indicate that training sessions in real and
in VR-based environments have a comparable impact on physical strain, on different
dimensions of workload like physical and cognitive demand, and specific physical and
emotional states. Most important, we could show that physical strain, which is a critical
factor for appropriate training of first responders, cannot only be induced by traditio-
nal real-life training, but also by an immersive VR training environment. These results
confirm and motivate the use of VR environments for the training of stress-resilient
decision-making behaviour for emergency forces.
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INTRODUCTION

For first responders, the increasing number of critical operations pose enor-
mous challenges today. Environmental as well as technical disasters are
about to increase due to climate changes, technical, and social developments.
Being prepared for such critical situations through an appropriate training is
essential for the safety and success of first responders (Bertram et al., 2015).
Advanced training of first responders and emergency staff with typical
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operation scenarios is one of the upcoming challenges of the near future.
Traditional training with real environment operation scenarios involves a
high expenditure of resources and only allows limited training frequencies
and thus limiting variability in the experience of critical and decision-relevant
situations. VR-based training is cost-effective, safe to use and offers new per-
spectives to provide a wide variety of training environments (Engelbrecht
et al., 2019). In VR and in augmented reality simulations, scenarios can be
adaptively set to create stressful situations in a targeted manner and with
appropriate levels of difficulty. For VR-based scenarios the core elements of
the real-world scenario have to be represented, which can be easily obtai-
ned for the visual channel. However, as soon as psychomotor activity has
to be included, it becomes more difficult, as VR is usually spatially limi-
ted. Modern VR-Equipment allows including physical activity like running
or walking. However, the differences and similarities between VR training
and real-life training are not fully understood yet. The study at hand throws
some light on this area, as similar tasks were executed in a real-life scenario
and a VR scenario.

A prerequisite for an efficient use of VR-based training is the measurement
of the imposed strain of VR technology in comparison with real environment
trainings. Specific areas like flight or automotive industry developed sophisti-
cated simulator facilities to develop, promote and calibrate support systems
for the operators. Interesting results could be obtained for exercises in flight
training with psychophysiological multi-level assessments. In a study from
Koglbauer et al. (2010) real flight scenarios were compared with equivalent
scenarios in a flight simulator. Unusual attitude recoveries yielded compa-
rable differences between different exercises in real flights and a simulator,
which was set to the same flight characteristics. However, the psychophysi-
ological change showed smaller amplitudes in all exercises in the simulator.
Lessons learned from simulator trainings should be incorporated in the deve-
lopment of the scenarios, which should not provide negative training effects
or negative effects on the trainees by causing simulator sickness or related
problems. In addition, physical strain aspects like heat strain, physical exh-
austion and management of physical load in adverse conditions like smoke,
should be taken into account for the development of advanced training pro-
grams. Therefore, the aim of this study was to develop realistic VR-scenarios
that contain relevant facets of first responder operations and to evaluate these
scenarios under different aspects of physical, cognitive and emotional stress
parameters as well as different psychological states.

VIRTUAL REALITY TRAINING SYSTEM

State-of-the-art. Recently, VR-based training in disaster preparedness has
been increasingly recognized (Freeman et al. 2001) as an important addi-
tional modality to traditional real-life skill training. Multiple studies
(Cone et al. 2011; Kurenov et al. 2009) have highlighted VR applications in
disaster training. The increased realism in the practice enables first respon-
ders to reinforce their individual performance, in particular, to execute tasks
appropriately under stress and apply decision making under conditions close
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Figure 1: Physical and cognitive-emotional strain during the field study with first
responders under ‘Reality Condition’ (RC) and ‘VR-Condition’ (VR), respectively.

to reality. The immersive capability of VR-based training offers more rea-
lism than classroom-based instructive teaching and substantially reduces the
resource burden of real-life drills and tabletop exercises. Mills et al. estima-
ted that a mass casualty triage training of paramedic students in a real-world
simulation is about 13 times more expensive than in VR,while the simulation
efficacy has been found near identical (Mills et al. 2019). Recent research has
even indicated superior performance in simple search tasks following VR and
augmented reality (AR) training of first responders as opposed to traditional
classroom and real-world training in an ambulance bus (Koutitas et al. 2020).

VR training system. The VR training system in this work is based on
the VROnSite platform (Mossel et al., 2020) that supports immersive trai-
ning of first responder units’ on-site squad leaders. This training platform is
fully immersive, entirely untethered to ease use and provides two means of
navigation—abstract and natural walking—to simulate physical stress and
exhaustion. The development of the software has been closely interlocked
with stakeholders from multiple fire brigades to gather early feedback in an
iterative design process and is commercially available by the Austrian com-
panyM2DMasterMind Development GmbH. In the context of the presented
work, VROnSite was used to develop several scenarios that were specifically
adjusted for the session on cognitive-emotional and physical strain in both
conditions, RC and VR, respectively (see Figure 1).

Scenario development. In particular, four scenarios were prepared by
means of videos with a duration 2 minutes and experience of virtual drive
through the scenario. These scenarios were determined to be representative
to evaluate the first responders’ situation awareness. Each video was presen-
ted and then the first responder had to provide a report on the perceived
scenario following the LEDVV command scheme with the key aspects of ‘L’
for ‘Lage’ (situation), ‘E’ for ‘Entschluss’ (decision making), ‘D’ for ‘Durch-
führung’ (execution), ‘V’ for ‘Versorgung’ (supply), and ‘V’ for ‘Verbindung’
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Table 1. Overview about crossover design: Groups, point of measurements and
conditions.

Points of Measurement (time)
Baseline (t0) Training procedure 1 (t1) Training procedure 2 (t2)

Group A (N = 6) Baseline Reality VR
Group B (N = 7) Baseline VR Reality

(communication). Psychophysiological recordings allowed the assessment of
strain, as the procedure was designed in parallel to the Trier Social Stress Pro-
tocol (Kirschbaum et al., 1993). The first responder participants considered
the videos highly suitable for training of decision making in complex first
responder scenarios.

METHOD

Sample & Experimental design. Participants (N = 13, 11 males, 2 fema-
les, age: 17-70, M: 38.85 SD: 15.02) consisted of representative emergency
forces of the Austrian volunteer fire brigade of Gumpoldskirchen (n = 7) as
well as paramedics of the Johanniter organization Vienna (n = 6). The study
plan aimed to induce equivalent strain in both, real environment training
scenarios (‘Reality Condition’ – ‘RC’) and VR-based training scenarios (‘VR
Condition’ – ‘VR’). Therefore, two identical training procedures were develo-
ped, each of which was in turn divided into a (i) cognitive-emotional and (ii)
a physical strain block. Both blocks were repeated twice in each procedure.
Each participant carried out both training procedures, RC and VR. To avoid
order effects, a crossover design was used, where participants were assigned
to two groups, whereas group A received the first training procedure in RC
and the second training procedure in VR, and group B the other way around
(see Table 1). The study took ~ 160 minutes for each participant to complete.

Strain induction. Physical strain was induced by a 5-minute endurance run
on the emergency forces’ test site in the Reality Condition and on a VR-
supported treadmill, using the commercially available immersive VR-training
system described above, in the VRCondition. In both conditions, participants
wore their operational clothing and a 20 kg back-package, which resembled
usual operational equipment.

Cognitive-emotional strain was induced by the attentive perception of rele-
vant events in operation scenarios and subsequent request for a situation
report and time-critical reporting in the face of the team leader, as described
above. After watching the scenarios, participants were asked to wait for one
minute, before they could provide their report. This method was adapted
from the Trier Social Stress Protocol (Kirschbaum et al., 1993), which has
been successfully used to induce stress (Rodrigues et al., 2018).

Instruments. For the evaluation of physical strain, the Borg-Scale of percei-
ved exertion (Borg, 1998; 2004) was used. The Borg-Scale was submitted
in the introduction phase and after each endurance run. To measure cogni-
tive performance a 3-minute version of the psychomotor vigilance task (PVT;
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Dinges & Powell, 1985; Basner et al., 2011) was implemented on a touch-
screen tablet. The PVT is a reaction time test and widely used measurement
for cognitive performance, fatigue and reduced alertness (Grant et al., 2017;
Basner et al., 2011). Lapsed stimuli, defined by reaction times > 400 ms were
analysed. To reduce learning effects in the data, participants practiced the
PVT at the beginning of the study. Then PVT was submitted three times,
before and after both training sessions. Perceived workload was measured
by NASA-TLX (Task Load Index; Hart & Staveland, 1988), which asses-
ses six dimensions of workload: Mental demand, physical demand, temporal
demand, performance, effort, and frustration. NASA-TLX was submitted
after both training procedures. Further psychological variables were assessed
to gain an understanding of the physical and psychological state and conditi-
ons of the participants. Physical symptoms were assessed by five dimensions
of the “Multiple Physical Symptom List” (MKSL; Erdmann & Janke, 1984),
e.g., adrenergic symptoms, pain and nausea. Psychological states were mea-
sured by the BSKE (Janke et al., 1986) which assess positive and negative
states by 8 dimensions, e.g., activation, excitement, anxiety/sadness, irrita-
tion. MKSL and BSKE where submitted three times, before, and after each
training procedure. Psychophysiological recordings were performed for heart
rate and electrodermal activity (see Schneeberger et al., 2022 for results).

RESULTS

The study was a 2 (Group A / Group B) x 3 (Points of Measurement: t0 /
t1 / t2) crossover design experiment with RC and VR as Training Conditi-
ons (see Table 1). Two-way repeated measure ANOVAs with group (A vs. B)
as fixed factor and time (baseline (t0) vs. training procedure 1 (t1) vs. trai-
ning procedure 2 (t2)) as repeated measures factor, were used. To examine
dependent variables for time and order effects, main effects of time and inte-
raction effect between time and groups were analysed. To analyse the effect of
conditions only, control analyses were done. Therefore, data was restructu-
red and conditions from both groups were combined and one-way repeated
measure ANOVAs with conditions (Baseline (BL) / RC / VR) were calculated.
Post-hoc analyses were performed using Bonferroni correction for multiple
comparisons.

For measuring physical exertion, Borg-results were analysed (see Figure 2).
A two-way repeated measure ANOVA showed a significant effect for time
(F1.5, 16.1 = 59.21; p= .00; η2 = .84). Posttests for time effects showed signi-
ficant differences (p = .00) between baseline and each following point of
measurement, but no other significant differences between points of measu-
rement. There was no significant interaction effect between time and group
(F1.5, 16.1 = .97; p = .37; η2 = .08). Regarding the control analyses for
conditions, the only effects we could find, was between baseline and both
conditions (p = .00), but there was no significant difference between VR and
RC (p = 1).

Cognitive Performance was analysed, using the number of lapsed stimuli
of PVT (> 400 ms). Repeated measure ANOVAs revealed no significant main
effect of time (F2,22 = .07; p= .94; η2 = .01), no significant interaction effect
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Figure 2: Borg Scale: Perceived Exertion, mean and standard deviation for points of
measurement, conditions and groups (group A (N = 6): l; group B (N = 7): N).

Figure 3: Physical states (MKSL): Adrenergic symptoms, mean and standard devia-
tion for points of measurement, conditions and groups (group A (N = 6): l; group B
(N = 7): N).

Figure 4: NASA-TLX: mental & physical demand, effort; mean and standard deviation
for conditions, N = 13.

of time and group (F2,22 = .08; p = .93; η2 = .01) and also no significant
effect for condition (F2,24 = .07; p = .93; η2 = .006; BL: M = 19.37; SD =
23.29; RC: M = 18.16; SD = 20.39; VR: M = 19.25, SD = 16.90).

Results of BSKE and MKSL indicated that training procedures in both
conditions, VR and RC, had an impact on specific psychological states and
physical symptoms. For example, a two-way repeated measure ANOVAs
revealed significant time effects for adrenergic symptoms (F2,22 = 7,29; p
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= .00; η2 = .40, see Figure 3) but no significant interaction effects between
time and group (F2,22 = 1.51; p = .24; η2 = .12). Post-tests for time effects
showed only significant differences between baseline and following points of
measurement after the training (t0-t1: p = .04; t0-t2: p = .02) but no signifi-
cant difference between training procedures (t1-t2: p = 1). Control analyses
for conditions, only showed a significant difference between baseline con-
dition and both training conditions (BL-RC: p = .03; BL-VR: p = .02) but
no significant differences between VR and RC (p = .41). Comparable results
were also found for pain and excitement. No significant results were found
for nausea/sickness, activation and irritability.

For NASA-TLX, two-way ANOVAs revealed no significant main effects
of time and no significant interaction effects for all dimensions of workload
(e.g., mental demand, time: F1,11 = .01; p = .91; η2 = .00; time*group: F1,11
= .06; p = .81; η2 = .01). For control analyses, dependent samples t-tests
showed no significant differences between VR and RC (see Figure 4; e.g.,
mental demand: t = −.46, p = .81).

CONCLUSION

The aim of this study was to evaluate a virtual reality-based training for first
responders. Therefore, the effects of physiological and cognitive-emotional
strain for training sessions in real environment scenarios and VR-based ope-
ration scenarios were assessed and analyzed. The most important outcome
of this study were the effects of perceived physical exertion measured by the
Borg-Scale. Because first responders are confronted with different aspects of
physical strain, like fire fighters that attain an intense level of physical activity
quickly andmaintain that level as long as they are actively engaged in fighting
fire (Manning & Griggs, 1983; see also Sanquist, 2015), it is important to
take physical strain into account when developing new training procedures.
Results showed that the perceived exertion of the participants after 5-minute
runs in reality was at a similar level as after 5-minute runs in an immersive
VR-training system. The results of NASA-TLX regarding physical demand,
point in the same direction, suggesting that both training environments had
a comparable effect on the perceived physical demand.

Comparable effects were found for some physical symptoms like pain and
adrenergic symptoms and mental states like excitement, indicating that both
training conditions had an influence on some physical and psychological
states of participants. As Virtual Reality sickness can be a critical factor
in VR-based training (Chang et al., 2020) we assessed perceived feelings of
sickness/nausea but could not find any significant effects of the VRCondition
on sickness.

We expected that the physical, emotional and cognitive strain induced by
training procedures would have a negative effect on cognitive performance,
measured by PVT, but could not find any effects there. We assume that the
physical exercises had a positive impact on cognitive performance. Meta-
analyses (Lambourne& Tomporowski, 2010) suggest that physical exercises,
due to a heightened level of arousal, lead to improved cognitive performance,
but also point out to the complex relation between exercise and cognitive
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performance, which can be influenced by type and length of exercise or
point of measurement. Regarding the perceived mental demand, measured
by NASA-TLX, we could find comparable results, indicating that both trai-
ning conditions, VR and RC, influenced the perceived mental workload of
the participants.

In summary, the results indicate that both training sessions, in reality and
in VR environments, have a comparable impact on physical strain, on diffe-
rent dimensions of workload like physical and cognitive demand, and specific
physical and emotional states. Most important, we could show that physical
strain, which is a critical factor for appropriate training of first responders,
can be induced by an immersive VR training environment similarly to tra-
ditional real-life training. These results confirm and motivate the use of VR
environments for the training of stress-resilient decision-making behaviour
for emergency forces.
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