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Abstract: Virtual reality (VR) provides the ability to simulate stressors to replicated real-world
situations. It allows for the creation and validation of training, therapy, and stress countermeasures in
a safe and controlled setting. However, there is still much unknown about the cognitive appraisal of
stressors and underlying elements. More research is needed on the creation of stressors and to verify
that stress levels can be effectively manipulated by the virtual environment. The objective of this
study was to investigate and validate different VR stressor levels from existing emergency spaceflight
procedures. Experts in spaceflight procedures and the human stress response helped design a VR
spaceflight environment and emergency fire task procedure. A within-subject experiment evaluated
three stressor levels. Forty healthy participants each completed three trials (low, medium, high
stressor levels) in VR to locate and extinguish a fire on the International Space Station (VR-ISS). Since
stress is a complex construct, physiological data (heart rate, heart rate variability, blood pressure,
electrodermal activity) and self-assessment (workload, stress, anxiety) were collected for each stressor
level. The results suggest that the environmental-based stressors can induce significantly different,
distinguishable levels of stress in individuals.

Keywords: virtual reality; virtual environment; stress; spaceflight; training

1. Introduction

For decades, astronauts have used virtual reality environments (VRE) to practice extra
vehicular activity, mass handling, and robotic arm manipulation [1–3]. These VR training
scenarios have focused on tasks external to the International Space Station (ISS), rather
than tasks on the interior of the station. Full-scale interior mock-ups of the ISS modules
and visiting vehicles (e.g., Soyuz capsule) are used to train emergency procedures for fire,
depressurization, or contaminant leaks [4,5]. While these training models are effective for
task acquisition, the simulation of stressors is constrained by the resources available and
physical infrastructure. This constraint may be detrimental as training environments that
lack the magnitude of stress felt in a real situation may inadequately prepare individuals
for coping [6]. Inadequate training to handle specific stress in the operational environment
can result in the diversion of cognitive resources for managing emotional states (e.g., fear,
distress, and anxiety), leaving less resources available for task problem solving.

When an individual perceives a situation as stressful, stress will consistently influence
physiology and human performance [7,8]. The general impact of exposure to acute high
stress is the reduction of cognitive resources available for processing task relevant informa-
tion as well as reduction in cognitive regulation [9,10]. A deficiency in cognitive resources
can affect many performance attributes, including attention, decision time, and short-term
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memory [7]. All these performance attributes may be critical for conducting an emergency
procedure and avoiding harm. Developing strategies to train individuals for stress can
reduce the impact on performance.

The ability to train with stressors in VREs may provide a safe, reliable, and opera-
tionally relevant environment for training resilience in hazardous situations. Stressors
are defined as stimuli that are appraised as a threat/challenge and elicit a stress response
in humans [11]. Past research on stressful operations in VR has included aerial firefight-
ing [12], municipal firefighters [13], first-responders [14], surgeons [15], and military [16].
Emergency operations can be trained for specific simulated tasks or stressors to strengthen
transfer to the real world. Some researchers have found that coping skills developed in
simulated stressful task environments may be retained and transferred to environments
with novel stressors and novel tasks [17]. However, the high rate of individual variability
in perception of stress and lack of understanding the underpinning of stressors, make
challenges in manipulating human stress responses via exposure to different stressor levels.
While some research exists on virtual reality training for spaceflight emergency opera-
tions [18–20], more research is needed on the stressors present in the emergency and how
manipulating stressors in VEs can approximate the physiological and subjective responses
expected during a stress response.

The appraisal of a stressor cannot occur without experiencing a stressful event [21].
Therefore, task training that integrates stress management or graduated stress exposure
often opt to experimentally induce stressful events [11]. This is advantageous with VR as
the technology allows for experiencing a hazardous environment in a safe and controlled
setting while measurements can be collected before the stress induction is divulged to
the participant. However, the integration of VR with stress training has been limited
by empirical research. As stated by [22], “Most of the studies, in fact, have VR-based
stress management training programs only in theory, without providing data about trials
conducted to test the effectiveness of the proposed approaches”. The authors of [23] found
that challenges exist in the selection of effective technologies for delivering stress training,
methodological rigor of the training pedagogy, and multi-dimensional assessment of stress.
Therefore, more research is needed to verify the efficacy for VR stress training, especially
before integration with NASA skill training.

The objective of this study was to assess the extent to which operationally relevant VR
stressor levels (low, medium, high) derived from existing emergency spaceflight procedures
could evoke a reliable stress response. A panel of experts in spaceflight procedures and
human stress response identified relevant stressors and created an experimental emergency
procedure. The stressors and procedure were then used to design the VR International Space
Station (VR-ISS) spaceflight environment. Participants were trained with the procedures
and conducted a VR-ISS fire response for three stressor levels. Self-assessments of stress,
workload, and anxiety were administered for each level. Physiological stress measures
were used to distinguish varied stress responses. Reliable methods to induce different
levels of stress in trainees in a virtual environment would enable training in operationally
relevant scenarios such as spaceflight emergency procedures.

2. Background on Manipulating Stress in VR

The stress response induced by a VRE is a product of the stressors employed by the
simulation and the cognitive appraisal process. A stressor refers to a specific stimulus
within the environment that exert perceived demands on an individual with the outcome.
Examples of stressors include noise, pain, task load, ambient temperature, and time pres-
sure [7]. Stimuli are perceived as stressors through the cognitive appraisal process, which
evaluates the meaning and significance to individual wellbeing. The appraisal process has
two different categories: Primary appraisal, which evaluates the relevance and congruence
of a situation with regards to the individual’s goals and wellbeing, and secondary appraisal,
which involves the evaluation of resources and options for coping with the perceived
demand [21]. While the primary and secondary appraisals may be shaped by personal
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and situational factors, some researchers have focused on communal stressors related to
self-preservation that have a higher likelihood of being appraised as threats [24,25]. Fur-
ther, these stressors related to self-preservation are thought to be composed of underlying
“thematic” stressor elements which may play a pivotal role in how stimuli are cognitively
apprised as a stressor.

Of the known stressor elements, much attention has been paid to uncontrollability
and unpredictability [24,25]. Uncontrollability manifests with situations or consequences
that are outside one’s control, difficult to change, and impede progress from attaining one’s
desired goal [26]. Unpredictability refers to the absence of knowing the conditions under
which an event will occur or what an event will be like [27]. The context of the situation
(information about outcome, time, stimuli, etc.) and the individual interpretation of the
stimuli determine the amount that uncontrollability and unpredictability experienced.
Thus, the same stressor manipulated in different contexts may have different amounts of
unpredictability and uncontrollability.

Aside from stressor elements, the appraisal process also needs simulations to be
immersive enough to recognize a stimulus as an existential threat or challenge. One
remarkable aspect of simulated VREs is that individuals tend to respond realistically to
virtual simulations [28]. Furthermore, exposure to VR simulations results in a “response-as-
if-real” even when the visual fidelity is low, and the representation of the physical reality is
significantly reduced. Three concepts have been reported as strong generators of immersive
simulations: place illusion, plausibility, and virtual body ownership. Place illusion is the
strong sensation of being present in the space generated by the virtual reality environment,
even though participants know they are not there [29–32]. Plausibility is the component
of presence that is the illusion that the perceived events in the virtual environment are
really happening [33]. In comparison to place illusion, which is a static characteristic,
plausibility is more concerned with the dynamics of events and the situation portrayed.
Lastly, virtual body ownership means utilization of multisensory correlations to provide
people the illusion that foreign objects are part of their body [34]. For example, when
individuals with virtual hands touch a simulated spider, results show that they find that
the virtual hand increased fear [35].

Insight into how to induce stress can be gained from standardized stress tests which
have been used by researchers to reliably manipulate stress levels precisely and consistently
in a laboratory setting. Several stress tests include public speaking, mental arithmetic, and
cold-pressor [36,37]. These stress tests aim to use the most potent stressors possible to elicit
a general physiological stress response, often unrelated to the environment the individual
is in. However, these lab-based stress manipulations do not involve any operationally-
relevant tasks. Potential stressors used for task training should be stressors that could occur
in the operational environment in which the individual will perform tasks [38]. These
stressors could be related to the environment (e.g., distractions), the task (e.g., increased
difficulty), or that state of the human (e.g., fatigue). To identify stressors that are relevant
to the operational environment, where the environment is more dynamic and it is harder
to anticipate stressors, some researchers have used expert opinion to identify prominent
stressors and measured the manipulation using subjective stress ratings and physiological
indices of stress [39,40]. However, more research is needed on stressors for operational
tasks and how they can be manipulated in VR.

3. Environment Design

To inform how stressors in VR should be designed, a workshop was held with a panel
of subject matter experts to identify stressors that contribute to the stress in a spaceflight
environment. Subject matter experts have been used in previous research to identify envi-
ronmental stressors (e.g., noise, radiation) in a disabled submarine scenario [41]. Attending
experts included a retired U.S. NASA astronaut, a retired NASA ISS flight director, and
three experts on psychological and physiological stress. The panel was presented with
existing ISS emergency fire procedures and layouts of the ISS [42]. The panel identified a
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series of potential stressors, how they are mapped onto the emergency response procedures,
and what effects the stressors might have on astronauts. Each stressor’s intensity was
rated on how the subject was likely to feel, and what the effects on performance will be.
In addition, it was assumed that certain stressors would increase stress levels without
influencing task-based workload, so the stressors were categorized into task-related and
environment-related stressors. In other words, the stressors during an emergency fire were
categorized by their ability to change the environment without substantially changing how
the individual would perform the procedure.

A list of stressors was compiled by the panel (Table 1). These stressors are related to
an emergency fire procedure, and therefore may exclude peripheral stressors previously
identified by subject-matter experts that may be associate with deep-space missions [43].
The stressors were categorized by the type of stress induction, manipulation type (environ-
ment or task manipulation), within or between experimental comparison. The process of
categorizing environmental stressors was similar to the method proposed by [41]. Stressor
levels and potential deviations from the selected emergency procedure were also listed.
Three environmental stressors were selected for use in the study and the stressor intensity
was varied among training scenarios: alarms, flickering lights, and degraded visibility from
smoke. Priority was given to stressor manipulations that did not affect tasks requirements,
to avoid later confounds in experimental design. The goal was to increase stress while
keeping the task requirements the same to allow direct comparisons of stress training with
and without stressor manipulation. By using only environmental stressors and not task
stressors, any changes from such a comparison would not be confounded by differences
in task requirements. For example, intensity of noise and visible smoke may be stressful,
but will not change the task procedure for locating and extinguishing a fire. The selected
stressors were then used to establish three stressor levels of low, medium, and high during
the VR training scenarios. A few of the task stressors (e.g., rising atmospheric contaminants)
were included in all the training scenarios to distribute task load equally.

Table 1. Stressors Identified from ISS Emergency Fire Procedure.

Stressor How to Manipulate Type of Stress
Induction Scale

Manipulation
Type

(Task/Envir.)

Within/Between
Training
Session

Fire Alarm Magnitude Divided
Attention Linear Envir. Within

Noise type Divided
Attention Binary Envir. Between

Warning Alarm Magnitude Divided
Attention Linear Envir. Within

Noise type Divided
Attention Binary Envir. Between

Caution Alarm Magnitude Divided
Attention Linear Envir. Within

Noise type Divided
Attention Binary Envir. Between

Lights Flashing Divided
Attention Linear Envir. Within

Visibility (smoke
obscurity) Magnitude Task Difficulty,

Time pressure Linear Task, Envir. Within

Rate of change Task Difficulty,
Time pressure Linear Task, Envir. Within
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Table 1. Cont.

Stressor How to Manipulate Type of Stress
Induction Scale

Manipulation
Type

(Task/Envir.)

Within/Between
Training
Session

Multiple Sources (fire,
smoke, electrical trips) Multiple sources in module(s) Concurrent Task

Mgmt. Binary Task Between

Location of smoke/fire Source in Soyuz Task Difficulty Binary Task Between

Source separating crew
Task Difficulty,

Empathy,
Difficult Tradeoff

Binary Task Between

Source in module(s) Task Difficulty Binary Task Between

Open Flame Magnitude
Visual Threat,
Task Difficulty,
Time pressure

Linear Task Within

Spread rate
Visual Threat,
Task Difficulty,
Time pressure

Linear Task Within

Oxygen/Emer. Mask Limited oxygen supply Time Pressure Linear Task Within

No oxygen, faulty Task Difficulty Binary Task Between

Reduced peripheral vision Task Difficulty Linear Task Between

Clarity of other crew’s voices Task Difficulty Linear Task Within

Contaminants Magnitude Threat, Task
Difficulty Linear Task Within

Rate Time Pressure Linear Task Within

Team Member Language, accent Task Difficulty Linear Task Between

Experience of crew Task Difficulty Linear Task Between

Location of crew Task Difficulty Linear Task Between

Sleeping crew Task Difficulty Binary Task Between

Reaction of crew Task Difficulty Linear Task Within

Comm Operation Comm delay Task Difficulty Linear Task Between

No Comm Task Difficulty Binary Task Between

No lights (power outage) Concurrent Task
Mgmt. Binary Task Within

Power Outage Compromised life support
Concurrent Task

Mgmt., Time
pressure

Binary Task Between

MCC Communication Frequency of communication Concurrent Task
Mgmt. Linear Task Between

Inconsistent instructions Task Difficulty Linear Task Between

Fire Extinguishers Limited PFEs available Task Difficulty Linear Task Between

Limited PFE uses Task Difficulty Linear Task Between

The panel then developed a simplified fire procedure for trainees to follow. A flowchart
of the selected emergency procedure that could be used for laboratory experiments is
illustrated in Figure 1. This procedure was modified from the existing ISS Emergency
Procedures [42] by shortening the duration of the procedure down to 5–10 min, eliminating
communication with Mission Control Center (MCC) and crewmember induced stressors,
having the smoke alarm indicate the presence of a fire (as opposed to being a false alarm),
and minimizing tangential procedure steps that do not directly help the trainee locate the
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fire source. This procedure is also like the ISS fire strategy created by [18] for the purpose
of task training. Further, this procedure was designed to have limited decision nodes to
avoid task branches and maintain experimental replicability.
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This procedure begins with an auditory smoke alarm alerting crew to the presence of a
fire. A safe haven is to be established in a location closest to the point of egress (e.g., Soyuz
capsule) where crewmembers can formulate a response plan and assign duties. Emergency
equipment vital to the fire response is obtained from storage compartments. Readings of
contaminant levels are reviewed with a NASA Compound Specific Analyzer–Combustion
Products (CSA-CP). The purpose of the CSA-CP onboard the ISS is to determine the level
of atmospheric contaminants, including carbon monoxide (CO) in parts per million. If CO
levels are rising, crewmembers should don oxygen masks. Based on CSA-CP readings,
suspected fireports should be determined and crewmembers should translate from module
to module, then narrow the search to sample local fireports as contaminant levels increase
with proximity. If the sampled fireport CO > 500 and increasing, then discharge the portable
fire extinguisher (PFE).

To integrate this procedure into VR, the stressors and procedure were then used to
design the VR-ISS spaceflight environment. The VR-ISS environment is based on 3D
models from [44] and [19] but has been largely modified from its former state to be used
with VR head mounted display (HMD) and facilitate spaceflight procedure training. To
simplify training participants, the VR-ISS consisted only of three of the existing U.S. Orbital
Segment modules, Figure 2 illustrates the VR-ISS configuration used in the experiment: only
Node 1, US Lab, and Node 2 were used.

An avatar was used to increase virtual body ownership, illustrated in Figure 3. The
avatar’s hands tracked VR hand controllers. Zero gravity mocking locomotion is integrated
into the simulation to allow participants to float across the VE by grabbing and pushing
against objects/surfaces.
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Several dynamic interactions were included in the VR-ISS to aid detecting and locating
the source of a fire. These dynamic functions were designed to enhance the immersion
through increased place illusion and plausibility. Atmospheric contaminant levels rose as a
function of time and distance from the virtual fire source. Since, the readings change as a
function of time, the participant must not only remember previous readings at different



Appl. Sci. 2022, 12, 2289 8 of 22

locations to compare with the current reading, but also account of the fact that readings
become less reliable the further back in time it was taken. Virtual smoke changed in density
as a function of time and spread in a uniform pattern, consistent with expected smoke
behavior in a microgravity; therefore, participants could not rely solely on visual smoke
patterns to detect the location of the source.

Emergency equipment was also simulated for plausibility and place illusion. Readings
of contaminant levels could be collected with a simulated NASA CSA-CP. The purpose of
the CSA-CP onboard the ISS is to determine the level of atmospheric contaminants. Virtual
CSA-CP displayed levels of oxygen, carbon monoxide (CO), hydrogen chloride (HCl), and
hydrogen cyanide (HCN) in parts per million (Figure 4). Using voice commands, a floating
CSA-CP appeared in front of the participant with the contaminant concentration values visible.
The window disappeared after three seconds. Participants are expected to identify the location
of the source by following the invisible path mentally established from recalling highest levels
of contaminants in each VR-ISS module. A recording at the start of the simulation gave
instructions to retrieve a Portable Fire Extinguisher (PFE) and Portable Breathing Apparatus
(PBA) when the contaminate levels are excessive (Figure 4). The PFE is used to extinguish a
fire source behind a rack fireport. The PFE has the capability for two uses before the canister
is empty. Five PFEs are available in cabinets in the VR-ISS. PBAs are available in the same
cabinets and can be done on the participant avatar’s head. A Caution and Warning (C&W)
panel displayed flashing lights to alert participants to a potential fire (Figure 4). Once the
participants identified where the fire source was located, they began sampling fireports within
the module to locate the “rack” that caused the fire. The VR-ISS included approximately 150
fireport labels, accurately placed on the racks throughout the ISS.
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4. Materials and Methods
4.1. Participants

Forty subjects participated (Male = 37, Female = 3). The study was reviewed and
approved by Iowa State University Institutional Review Board. The participant mean age was
20.5 years (SD = 2.6). Thirty-eight of the participants in this study had a STEM background.

4.2. Task Environment

VR-ISS is the operational environment for this experiment. Participants were tasked with
locating and extinguishing the location of a potential fire on the VR-ISS. Several dynamic
interactions were included in the VR-ISS to aid detecting and locating the source of a fire.
Atmospheric contaminant levels rose as a function of time and distance from the virtual fire
source. Virtual smoke changed in density as a function of time and spread in a uniform
pattern, consistent with expected smoke behavior in a microgravity; therefore, participants
could not rely solely on visual smoke patterns to detect the location of the source.

Participants reviewed readings of contaminant levels with CSA-CP. When participants
identified the fireport which had the highest level of contaminant and extinguished the
fire with the PFE, the contaminate levels were reset and a new randomized fire source was
created. The task ended five minutes after the beginning of the simulation.
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4.3. Independent Variables

The VE was designed with three environmental stressors identified from the panel
SMEs: alarms, flickering lights, and degraded visibility from smoke. The smoke filled
the modules rapidly until the intensity level was achieved, but also moved dynamically
through the module to increase plausibility. The lights for selected modules flickered
randomly to simulate temporary power failure, presenting the participant with temporary
near-complete darkness. A fire alarm and caution alarm were used for different levels.

The simulation had three different stress levels, each with a fire location randomized
(Figure 5). The low stress level indicated a fire using increased CSA-CP contaminate values
and C&W panel lights. The medium stress level indicated a fire using increased CSA-CP
contaminate values, C&W panel lights, a continuous Caution alarm, and low levels of
smoke (visibility of 6 ft). The high stress level indicated a fire using increased CSA-CP
contaminate values, C&W panel lights, a continuous Caution alarm, a continuous Fire
alarm, flickering lights, and high levels of smoke spread over time (visibility of 1 ft).
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4.4. Dependent Variables

The study used both physiological and subjective indices of stress. The dependent
variables are summarized in Table 2.

Table 2. Description of dependent variable sensor/metrics and frequencies.

Dependent Variable Sensor/Metric Features/Type Description, Association Frequency

Physiological stress
response

Electrocardiogram (ECG)
and Heart Rate Variability

(HRV)

HR Heart rate

Throughout trial
RMSSD

The root mean of the sum of the
squares of differences between

beat intervals

pNN50
Proportion of the successive

normal to normal beat intervals
that differ more than 50 ms

Physiological stress
response

Continuous Non-Invasive
Blood Pressure

SBP Systolic Blood Pressure
Throughout trial

DBP Diastolic Blood Pressure

Physiological stress
response

Electrodermal Activity
(EDA) EDA Tonic component (0–0.16 Hz) Throughout trial

Subjective Stress Post Stress Task Reaction
Measure (PTSR) 9-point Likert scale After trial

Subjective Stress Free Stress Comparison 100-point scale After experiment

Subjective Stress Short State Stress
Questionnaire (SSSQ)

24 items, 5-point Likert
scale Engagement, Distress, Worry Before, after trial

Workload NASA TLX 6 items, 21-point scale
Mental demand, Physical demand,
Temporal demand, Performance,

Effort, and Frustration
After trial

Anxiety State-trait anxiety
inventory (STAI)

20 items, 7-point Likert
scale After trial
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4.4.1. Heart Rate and Heart Rate Variability

Heart rate increases with higher physiological stress response. Heart rate data were
collected via electrocardiogram (ECG, modified CS5 lead configuration). The ECG was
sampled at 2048 Hz using Biopac MP150 hardware and recorded using AcqKnowledge
software (Version 3.8.2, Biopac Systems Inc.). Heart Rate is influenced by both sympathetic
and parasympathetic branches of the autonomic nervous system [46]. Activity in these
branches is indicative of the body’s state of excitation vs. relaxation (vagal response).

Time domain analysis of the ECG was performed to quantify changes in Heart Rate
Variability (HRV). The vagal response, which is indicative of relaxation, was assessed with
two HRV metrics relating to the amount of variance in the inter-beat-interval through
the root-mean-square difference of successive normal R-wave intervals (RMSSD) and the
proportion of the number of pairs of successive normal R-waves that differ by more than
50 ms (pNN50). Increased pNN50 and RMSSD indicated a more relaxed state and greater
ability to cope with increased stress. More specifically, both RMSSD and pNN50 represent
vagal control within the time domain and are correlated to high frequency power [46]. The
HRV time domain for each participant were calculated in 30-s intervals over the duration
of each session.

4.4.2. Blood Pressure

Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were collected as
another measure of cardiovascular reactivity. Both SBP and DBP have been shown to
increase in reaction to increased stress [47]. A finger cuff was placed on the participants’
non-dominant hand over the middle phalanx of either the long or ring finger (CNAP
Monitor 500, CNSystems Medizintechnik AG). The non-dominant arm was placed in
an arm-sling to standardize the position of the hand relative to the heart between all
participants. Data were recorded at 1024 Hz. To calibrate the finger cuff, an oscillometric
non-invasive blood pressure cuff was placed on the participant’s non-dominant upper
arm. The CNAP blood pressure readings were calibrated before the start of each trial.
The participant remained seated for the duration of the experiment to prevent orthostatic
pressure changes.

4.4.3. Electrodermal Activity

The electrodermal activity (EDA) signal increases under higher acute stress [48]. EDA
is sympathetically mediated, therefore can be used to verify autonomic influences on heart
rate. The EDA signal was corrected with an IIR low pass 2nd-order Butterworth filter fixed
at 5 Hz. The EDA tonic component, also called skin conductance level, was extracted by low
pass filtering with a cut-off frequency of 0.16 Hz and used as an indicator of sympathetic
activity [49]. Data were recorded in 30 s epochs for statistical analysis.

4.4.4. Subjective Stress

Two kinds of ratings were used to assess the perception of low, medium, and high
stress: Post Task Stress Reaction (PTSR) [50], Free Stress Comparison of events. The PTSR
and Free Stress Comparison questionnaires were modified from previous uses [40,47,51].
The PTSR asks participants to rate the ground truth simulations on a scale of “1” to “9”
where a rating of “1” was used to represent experiencing “no stress”, “5” was used to
represent “medium stress”, and “9” was used to represent experiencing “high stress”. The
PTSR is intended to measure the immediate retrospective stress after completing a trial.

In addition, the Free Stress Comparison has participants rate the relative stress level
on a scale of 0 to 100 (least to most stressful) in comparison to other simulations. The stress
appraisal process is continuous and relative, with reappraisals of the experience happening
long after the stressful exposure [52]. The Free Stress Comparison was intended to measure
the retrospective reappraisal after completing all the simulations, then relatively comparing
their stressfulness.
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4.4.5. Subjective Stress State

The Short Stress State Questionnaire (SSSQ) [53] assessed the subjective states pre- and
post-trial to measure three state factors: task engagement, distress, and worry. Engagement
refers to qualities of energetic arousal, motivation, and concentration. Distress is defined as
feelings of tense arousal, hedonic tone, and confidence-control. Worry relates to self-focus,
self-esteem, and cognitive interference [54]. The stress state acts as a mediator between
the stressor and cognition or information processing, whereby the three aspects represent
components of conscious experience during person–task–environment transactions [55].

4.4.6. Workload

The NASA Taskload Index (TLX) [56] was used to assess the subjective workload
during exposure. The NASA TLX measures six dimensions of workload: mental demand,
physical demand, temporal demand, performance, effort, and frustration level. NASA TLX
was administered after the completion of a trial. Participant scores on the six numerical
rating scales were computed in the 0 to 100 range and as an unweighted participant mean
for each of the six-dimensional subscales [57].

4.4.7. Anxiety

To measure the anxiety during the experiment, State-Trait Anxiety Inventory (STAI) [58]
Form Y-1 was given after the completion of a trial. The STAI-Y1 is a 20-item self-report
scale for the assessment of state anxiety in adults. Based on the answers, the STAI score can
be interpreted in the ranges: no stress <30, low <40, medium 40–55, high >55 [59].

4.5. Experiment Design

A within-subject 1 × 3 (trial) experiment was conducted. Each participant completed
the same task of locating an onboard fire, but each trial had one of three different stressor
levels (low, medium, and high). The order of stressor levels was assigned via Latin square
to counterbalance and minimize the effect of training order’s influence from differences
among the treatment effects (i.e., each levels stressors) [60].

4.6. Hypothesis

It was hypothesized that manipulating different levels of VR environmental stressors
(low, medium, and high) during an operational task would induce different levels of
stress, with higher stressor levels resulting in greater increases in HR, decreases in RMSSD,
decreases in pNN50, increases in SBP and DBP, increases in EDA, increases in PTSR, increase
in Free Stress Comparison, no change in engagement, increases in distress, no change in
worry, no change in workload, and increases in anxiety.

4.7. Procedure

The experiment was completed in a single laboratory visit, lasting approximately
60 min. At the beginning of the experiment, participants completed a series of pre-trial
questionnaires, including demographic questions, a SSSQ to measure the stress in response
immediately before the trials, and training on how to use the NASA TLX. To acclimate
to VR before the data collection tasks, participants were trained on navigating, operating,
and controlling the VR simulation (e.g., head-mounted display, hand controls, “play-
area” boundaries represented but a visual blue-grid). Participants were asked to report
cybersickness and were withdrawn if symptoms persisted.

For the VR-ISS, participants completed a VR interactive tutorial that included informa-
tion about the ISS layout, how to navigate, fire equipment, and the appropriate emergency
fire response. Participants practiced the procedure in the tutorial until memorized.

Participants then completed three trials: low, medium, and high stressor levels. After
each trial, participants completed several questionnaires, including the post-trial SSSQ,
NASA TLX, STAI, and PTSR. Participants were given 5–10 min between trials to complete
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questionnaires. At the end of the experiment, participants completed the Free Stress
Comparison to compare the trials in retrospect.

4.8. Experiment Materials

The apparatus consisted of two parts: an HTC VIVE (professional version; HTC, 2016)
consumer VR headset. The Unity (5.4.0f3, Unity Technologies, 2014) 3D game engine
was used to facilitate all aspects of the VR-ISS as a virtual environment. The HTC VIVE
setup consists of the HMD and two Lighthouse sensors that are responsible for tracking
the headset position and orientation. For this experiment, the lighthouse sensors were
positioned facing each other at opposite ends of our lab space, 8 ft high with 12 × 12 ft
detectable play area.

4.9. Data Analysis

Data analysis was performed using SPSS software (Version 28.0; IBM Corp.). Distri-
butions were tested for normality using skewness and kurtosis divided by the standard
error and concluded to be normal if less than 1.96 [61]. Each dependent variable was
visually inspected for errors (e.g., signal artifacts, miscalibration, electrode disconnect) and
participant trials were omitted if they displayed erratic patterns. Alterations were made
to discontinue some questionnaires during the experiment, resulting in analysis on only
a subset of the sample. Repeated measure analysis of variance (RM-ANOVA) was used
to calculate the fixed effect of stressor level. Physiological data were standardized against
the first 90-s of the low stressor trial to emulate change from baseline, to which the 90-s
were then omitted from the analysis. The first 90-s was also omitted from the medium and
high stressor trials to account for the physiological transition in response to a stressor. To
account for correlation of physiological data, autoregressive (AR1) models were used for
the covariance matrix with a participant random effect. AR1 model fit was assessed with
Akaike’s Information Criteria (AIC). Significant differences were located using pairwise
comparisons, and acceptance level was adjusted to control for type I errors (Bonferroni
adjustment). Results were considered significant for p ≤ 0.05 and marginally significant for
p < 0.10 [62]. The effect sizes, given in partial eta squared for the models, were transformed,
and reported as Cohen’s d effect size under the conservative assumption the stress level
means are separated with maximum variability [63]. Cohen’s d was used for assessing
effect size, where 0.2 < |d| < 0.5 is considered small effect size, medium effect size when
0.5 < |d|< 0.8, and large effect size for |d| > 0.8 [63].

The three-factor SSSQ scale scores for pre- and post-trial were calculated for each
participant. The factor scores from both pre- and post-trial are standardized against norma-
tive means and standard deviation values from a large sample of British participants [64]
and standardized using methods in [55]. Change scores were calculated for each factor
using the z-score Formula (1) which has been used in previous studies [55]. The z-score
then represents the change between pre- and post-trial in units of the deviation from the
population mean.

z = (standardized post-score − standardized pre-score). (1)

5. Results

A summary of the results is provided in Table 3, with greater description of the results
in the following subsections.

5.1. Heart Rate and Heart Rate Variability

The main effect of stressor level on the change in heart rate (N = 35) was significant,
F(2,63.7) = 4.34, p = 0.017, with a large effect size, d = 0.90 (Figure 6a). Pairwise comparison
indicated the change in heart rate was significantly higher (p = 0.017, d = 0.58) for partici-
pants in high stressor (M = 1.41, SD = 3.05) compared to low stressor (M = 0.37, SD = 1.42),
but not significantly different (p = 0.16) for high stressor compared to medium stressor
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(M = 0.58, SD = 1.59) and not significantly higher (p = 0.99) the for medium stressor
compared to low stressor.

Table 3. Summary of Results.

Metric N Low
M (SD)

Medium
M (SD)

High
M (SD)

Main
Effect
F (p)

Low vs.
Medium p

(d)

Low vs.
High
p (d)

Medium
vs. High

p (d)

Physiological Measures

∆HR 35 0.37 (1.42) 0.58 (1.59) 1.41 (3.05) 4.34 (0.017) 0.99 0.017 (0.58) 0.16

∆RMSSD 35 0.63 (3.07) 0.48 (2.78) −0.25 (2.44) 3.29 (0.04) 0.99 0.048 (0.37) 0.18

∆pNN50 35 −0.02 (1.42) 0.13 (1.81) −0.076
(1.51) 0.079 (0.92) NA NA NA

∆SBP 32 0.95 (2.44) 1.94 (4.11) 2.04 (6.09) 2.84 (0.066) 0.26 0.08 (0.43) 0.99

∆DBP 32 1.09 (2.91) 2.05 (6.20) 0.82 (3.70) 0.69 (0.51) NA NA NA

∆EDA 32 −0.82 (2.45) 1.94 (4.42) 1.29 (3.97) 7.05 (0.002) 0.002 (0.71) 0.046 (0.42) 0.71

Subjective Measures

PSTR 39 4.67 (1.61) 5.26 (1.6) 6.34 (1.68) 27.9
(<0.001) .11 <0.001 (1.0) <0.001

(0.66)

Free Stress 39 30.4 (20.5) 45.9 (17.6) 78.7 (18.8) 80.6
(<0.001)

<0.001
(0.81)

<0.001
(2.46) <0.001 (1.8)

∆Engage 23 −0.024
(0.51) 0.089 (0.61) 0.012 (0.65) 0.47 (0.63) NA NA NA

∆Distress 23 0.5 (0.79) 0.39 (0.59) 0.82 (0.94) 7.05 (0.002) 0.73 0.072 (0.37) 0.01 (0.55)

∆Worry 23 −0.28 (0.73) −0.38 (0.59) −0.22 (0.8) 3.13 (0.054) 0.3 0.99 0.096 (0.23)

Workload 39 45.1 (17.8) 46.9 (17.4) 57.5 (17.6) 12.5
(<0.001) 0.99 0.002 (0.7) <0.001

(0.61)

Anxiety 23 37.5 (9.76) 36.2 (9.58) 40.6 (10.7) 5.25 (0.009) 0.92 0.24 0.005 (0.43)
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The main effect of stressor level on the change in RMSSD (N = 35) was significant,
F(2,170) = 3.29, p = 0.04, with a medium effect size, d = 0.48 (Figure 6b). Pairwise comparison
indicated the change in RMSSD was significantly lower (p = 0.048, d = 0.37) for participants
in high stressor (M = −0.25, SD = 2.44) compared to low stressor (M = 0.63 SD = 3.07),
but not significantly different (p = 0.18) for high stressor compared to medium stressor
(M = 0.48, SD = 2.78) and not significantly higher (p = 0.99) the for medium stressor compared
to low stressor.
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The main effect of stressor level on the change in pNN50 (N = 35) was not significant,
F(2,185) = 0.079, p = 0.92 (Figure 6c) for the low stressor (M = −0.02, SD = 1.42), medium
stressor (M = 0.13, SD = 1.81), or high stressor (M = −0.076, SD = 1.51).

5.2. Blood Pressure

The main effect of stressor level on the change in SBP (N = 32) was marginally sig-
nificant, F(2,60.5) = 2.84, p = 0.066, with a medium effect size, d = 0.61 (Figure 7a). Pair-
wise comparison indicated the change in blood pressure was marginally higher (p = 0.08,
d = 0.43) for participants in high stressor (M = 2.04, SD = 6.09) compared to low stressor
(M = 0.95, SD = 2.44), but not significantly higher (p = 0.99) for high stressor compared to
medium stressor (M = 1.94, SD = 4.11) and not significantly higher (p = 0.26) for medium
stressor compared to low stressor.
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The main effect of stressor level on the change in DBP (N = 32) was not significant,
F(2,70.4) = 0.69, p = 0.51 (Figure 7b) for the low stressor (M = 1.09, SD = 2.91), medium
stressor (M = 2.05, SD = 6.20), or high stressor (M = 0.82, SD = 3.70).

5.3. EDA Tonic

The main effect of stressor level on the change in EDA tonic (N = 32) was signif-
icant, F(2,64.6) = 7.05, p = 0.002, with a large effect size, d = 0.93 (Figure 8). Pairwise
comparison indicated the change in EDA was significantly higher (p = 0.046, d = 0.42) for
participants in high stressor (M = 1.29, SD = 3.97) compared to low stressor (M = −0.82,
SD = 2.45), and significantly higher (p = 0.002, d = 0.71) for the medium stressor (M = 1.94,
SD = 4.42) compared to low stressor, but not significantly different (p = 0.71) for high
stressor compared to medium stressor.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 14 of 21 
 

The main effect of stressor level on the change in DBP (N = 32) was not significant, 
F(2,70.4) = 0.69, p = 0.51 (Figure 7b) for the low stressor (M = 1.09, SD = 2.91), medium 
stressor (M = 2.05, SD = 6.20), or high stressor (M = 0.82, SD = 3.70). 

5.3. EDA Tonic 
The main effect of stressor level on the change in EDA tonic (N = 32) was significant, 

F(2,64.6) = 7.05, p = 0.002, with a large effect size, d = 0.93 (Figure 8). Pairwise comparison 
indicated the change in EDA was significantly higher (p = 0.046, d = 0.42) for participants 
in high stressor (M = 1.29, SD = 3.97) compared to low stressor (M = −0.82, SD = 2.45), and 
significantly higher (p = 0.002, d = 0.71) for the medium stressor (M = 1.94, SD = 4.42) com-
pared to low stressor, but not significantly different (p = 0.71) for high stressor compared 
to medium stressor. 

 
Figure 8. Electrodermal Activity tonic component. Error bars representing 95% confidence intervals. 

5.4. Subjective Stress 
The main effect of stressor level on subjective stress measured by PTSR (N = 39) was 

significant, F(2,76) = 27.9, p < 0.001, d = 1.71 (Figure 9a). Pairwise comparison indicated the 
subjective stress was significantly higher (p < 0.001, d = 1.0) for participants in high stressor 
(M = 6.34, SD = 1.68) compared to low stressor (M = 4.67, SD = 1.61), significantly higher 
(p < 0.001, d = 0.66) for high stressor compared to medium stressor (M = 5.26, SD = 1.6), but 
not significantly different (p = 0.11) for medium stressor compared to low stressor. 

  
(a) (b) 

Figure 9. Subjective stress measures: (a) Post Task Stress Reaction (PTSR); (b) Free Stress Compari-
son. Error bars representing 95% confidence intervals. 

The main effect of stressor level on subjective stress measured by Free Stress Com-
parison (N = 39) was significant, F(2,76) = 80.6, p < 0.001, d = 2.91 (Figure 9b). Pairwise 
comparison indicated the subjective stress was significantly higher (p < 0.001, d = 2.46) for 
participants in high stressor (M = 78.7, SD = 18.8) compared to low stressor (M = 30.4, SD 
= 20.5), significantly higher (p < 0.001, d = 1.8) for high stressor compared to medium 
stressor (M = 45.9, SD = 17.6); and significantly higher (p < 0.001, d = 0.81) for medium 
stressor compared to low stressor. 

− 

− 

Figure 8. Electrodermal Activity tonic component. Error bars representing 95% confidence intervals.



Appl. Sci. 2022, 12, 2289 15 of 22

5.4. Subjective Stress

The main effect of stressor level on subjective stress measured by PTSR (N = 39) was
significant, F(2,76) = 27.9, p < 0.001, d = 1.71 (Figure 9a). Pairwise comparison indicated the
subjective stress was significantly higher (p < 0.001, d = 1.0) for participants in high stressor
(M = 6.34, SD = 1.68) compared to low stressor (M = 4.67, SD = 1.61), significantly higher
(p < 0.001, d = 0.66) for high stressor compared to medium stressor (M = 5.26, SD = 1.6), but
not significantly different (p = 0.11) for medium stressor compared to low stressor.
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The main effect of stressor level on subjective stress measured by Free Stress Com-
parison (N = 39) was significant, F(2,76) = 80.6, p < 0.001, d = 2.91 (Figure 9b). Pairwise
comparison indicated the subjective stress was significantly higher (p < 0.001, d = 2.46)
for participants in high stressor (M = 78.7, SD = 18.8) compared to low stressor (M = 30.4,
SD = 20.5), significantly higher (p < 0.001, d = 1.8) for high stressor compared to medium
stressor (M = 45.9, SD = 17.6); and significantly higher (p < 0.001, d = 0.81) for medium
stressor compared to low stressor.

5.5. SSSQ: Stress State

The main effect of stressor level on the change in engagement (N = 23) was not
significant, F(2,44) = 0.47, p = 0.63 (Figure 10a) for the low stressor (M = −0.024, SD = 0.51),
medium stressor (M = 0.089, SD = 0.61), or high stressor (M = 0.012, SD = 0.65).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 15 of 21 
 

5.5. SSSQ: Stress State 
The main effect of stressor level on the change in engagement (N = 23) was not sig-

nificant, F(2,44) = 0.47, p = 0.63 (Figure 10a) for the low stressor (M = −0.024, SD = 0.51), 
medium stressor (M = 0.089, SD = 0.61), or high stressor (M = 0.012, SD = 0.65). 

The main effect of stressor level on the change in distress (N = 23) was significant, 
F(2,44) = 7.05, p = 0.002, with a large effect size, d = 1.13 (Figure 10b). Pairwise comparison 
indicated the change in distress was marginally significantly higher (p = 0.072, d = 0.37) for 
participants in high stressor (M = 0.82, SD = 0.94) compared to low stressor (M = 0.50, SD 
= 0.79), significantly higher (p = 0.01, d = 0.55) for high stressor compared to medium 
stressor (M = 0.39, SD = 0.59), but not significantly different (p = 0.73) for medium stressor 
compared to low stressor. 

The main effect of stressor level on the change in worry (N = 23) was marginally sig-
nificant, F(2,44) = 3.13, p = 0.054, with a medium effect size, d = 0.76 (Figure 10c). Pairwise 
comparison indicated the change in worry was marginally significantly higher (p = 0.096, 
d = 0.23) for participants in medium stressor (M = −0.38, SD = 0.59) compared to high 
stressor (M = −0.22, SD = 0.8), but not significantly different (p = 0.30) for medium stressor 
compared to low stressor (M = −0.28, SD = 0.73), and not significantly different (p = 0.99) 
for the high stressor compared to low stressor. 

  

 

(a) (b) (c) 

Figure 10. The change in stress state measured by the SSSQ: (a) Engagement; (b) Distress; (c) Worry. 
Error bars representing 95% confidence intervals. 

5.6. NASA-TLX: Workload 
The main effect of stressor level on workload (N = 39) was significant, F(1.63,62.1) = 

12.5, p < 0.001, with a large effect size, d = 1.15 (Figure 11). Pairwise comparison indicated 
the workload was significantly higher (p = 0.002, d = 0.7) for participants in high stressor 
(M = 57.5, SD = 17.6) compared to low stressor (M = 45.1, SD = 17.8), significantly higher 
(p < 0.001, d = 0.61) for high stressor compared to medium stressor (M = 46.9, SD = 17.4), 
but not significantly (p = 0.99) different for medium stressor compared to low stressor. 

 
Figure 11. Overall workload for different levels of stressors obtained by NASA Task Load Index 
(TLX). Error bars representing 95% confidence intervals. 

− 

Figure 10. The change in stress state measured by the SSSQ: (a) Engagement; (b) Distress; (c) Worry.
Error bars representing 95% confidence intervals.

The main effect of stressor level on the change in distress (N = 23) was significant,
F(2,44) = 7.05, p = 0.002, with a large effect size, d = 1.13 (Figure 10b). Pairwise comparison
indicated the change in distress was marginally significantly higher (p = 0.072, d = 0.37)
for participants in high stressor (M = 0.82, SD = 0.94) compared to low stressor (M = 0.50,
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SD = 0.79), significantly higher (p = 0.01, d = 0.55) for high stressor compared to medium
stressor (M = 0.39, SD = 0.59), but not significantly different (p = 0.73) for medium stressor
compared to low stressor.

The main effect of stressor level on the change in worry (N = 23) was marginally
significant, F(2,44) = 3.13, p = 0.054, with a medium effect size, d = 0.76 (Figure 10c).
Pairwise comparison indicated the change in worry was marginally significantly higher
(p = 0.096, d = 0.23) for participants in medium stressor (M = −0.38, SD = 0.59) compared to
high stressor (M = −0.22, SD = 0.8), but not significantly different (p = 0.30) for medium
stressor compared to low stressor (M = −0.28, SD = 0.73), and not significantly different
(p = 0.99) for the high stressor compared to low stressor.

5.6. NASA-TLX: Workload

The main effect of stressor level on workload (N = 39) was significant, F(1.63,62.1) = 12.5,
p < 0.001, with a large effect size, d = 1.15 (Figure 11). Pairwise comparison indicated
the workload was significantly higher (p = 0.002, d = 0.7) for participants in high stressor
(M = 57.5, SD = 17.6) compared to low stressor (M = 45.1, SD = 17.8), significantly higher
(p < 0.001, d = 0.61) for high stressor compared to medium stressor (M = 46.9, SD = 17.4), but
not significantly (p = 0.99) different for medium stressor compared to low stressor.
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Within the NASA-TLX subscales, mental workload was significantly different,
F(1.7,66.2) = 4.28, p = 0.022, d = 0.67, with the high stressor (M = 55.6, SD =21.9) being
marginally significantly higher than the low stressor (M = 45.8, SD = 23.1; p = 0.064, d = 0.44).
Physical workload was significantly different, F(2,90) = 7.78, p = 0.001, with the high stressor
(M = 45.5, SD =26.6) being significantly higher than the low stressor (M = 34.7, SD =26.2; p = 0.01,
d = 0.41). Temporal workload was significantly different, F(2,76) = 14.1, p < 0.001, with the
high stressor (M = 68.2, SD = 26.6) being significantly higher than the low stressor (M = 47.8,
SD = 23.8; p < 0.001, d = 0.81), high stressor being significantly higher than the medium stressor
(M = 58.4, SD = 25.3; p = 0.011, d = 0.38), and medium stressor being significantly higher than
the low stressor (p = 0.036, d = 0.43). Performance was significantly different, F(1.8,68.6) = 5.22,
p = 0.01, d = 0.74, with the high stressor (M = 63.4, SD = 32.8) being significantly higher than
the medium stressor (M = 43.7, SD = 32.9; p = 0.008, d = 0.6). Effort was significantly different,
F(1.63,62.1) = 5.1, p = 0.013, with the high stressor (M = 67.8, SD = 22.8) being significantly
higher than the medium stressor (M = 59.4, SD = 23.1; p = 0.001, d = 0.37), and the high stressor
being marginally significantly higher than the low stressor (M = 59, SD = 21.4; p = 0.053,
d = 0.40). Frustration was significantly different, F(1.77,67.3) = 6.53, p = 0.004, with the high
stressor (M = 45.3, SD = 31.2) being significantly higher than the medium stressor (M = 32.4,
SD = 28; p = 0.012, d = 0.43) and low stressor (M = 34.4, SD = 27.5; p = 0.043, d = 0.37).

5.7. STAI: Anxiety

The main effect of stressor level on post-trial anxiety (N = 23) was significant, F(2,44) = 5.25,
p = 0.009, with a large effect size, d = 0.98 (Figure 12). Pairwise comparison indicated the
anxiety was significantly higher (p = 0.005, d = 0.43) for participants in high stressor (M = 40.6,
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SD = 10.7) compared to medium stressor (M = 36.2, SD = 9.58), but not significantly different
(p = 0.92) for the medium stressor compared to the low stressor (M = 37.5, SD = 9.76) or
(p = 0.24) for the high stressor compared to the low stressor.
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6. Discussion

A spaceflight emergency procedure was conducted in VR-ISS with the aim at evaluat-
ing VR stressors. The hypothesis that manipulating different levels of VR environmental
stressors during an operational task can induce different levels of stress was partially
supported. The results demonstrated that levels of indicators of physiological stress (HR,
RMSSD, EDA, SBP), subjective stress (PTSR, Free Stress Comparison), and ratings of dis-
tress, workload, and anxiety were significantly different for those training simulations.
Some measures did not find significant differences, including pNN50 and DBP. Further,
most measures showed differences between the low stressor and high stressors but could
not discriminate the medium stressor level.

Several of the physiological stress indicators were found to be different for the stressor
levels. The HR was different between the low and high stressor levels and similarly different
for the RMSSD. The decrease in RMSSD for the high stress indicates parasympathetic
inhibition and reflects an inability to relax. Further, there was an increase in EDA which
indicates sympathetic activation, which is the likely cause for the increase in HR and SBP.
Altogether, this suggests the high stressor simulation was effective at inducing a robust
physiological stress response.

In contrast, the low and medium stressor levels were difficult to distinguish from each
other and had varied physiological responses. The RMSSD remained elevated and the HR
remained depressed for both levels. However, the medium level did have an increase in
EDA, suggesting there was some sympathetic activation concurrent with parasympathetic
attenuation. Research on cardiac autonomic balance versus cardiac regulatory capacity [65]
suggests that the coactivity is still representative of a stress response, albeit a mild response
due to the lack of support from other measures.

The subjective stress was found to be different for the stressor levels based on immedi-
ate ratings after each trial (PTSR), ratings after the experiment (Free Stress Comparison),
and changes in distress during the trials (SSSQ). The results suggest that design of the VR
simulations using environmental stressors was successful at manipulating trainee stress
levels. However, the distress results show that low and medium were hard to distinguish
between. The cause may be attributed to which stressors were selected for the simulation,
the magnitude of each environmental stressors, or the combination of different stressors
(e.g., noise, smoke). Previous research has shown that different stressors can elicit varying
stress responses and can have a cumulative effect that may be greater than the individual
effects of the stressors alone [66,67]. The present experiment used expert opinion to inform
how the stressors training simulations but had little empirical support. By changing the
stressors, magnitude, or combination, it may be possible to have the VR stressor scenarios
result in physiological and distress that are more discriminable in future research. Never-
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theless, the large effect of the stressor levels on the subjective stress measures demonstrates
distinguishable training levels that can be used to induce stress in VR.

The results show that the workload was higher for the high stressor compared to the
other stressor levels. Because the simulations were designed to only change environment
stressors and not task load, it was expected that workload would not change between
the three stressor levels because the procedure was the same for each. Since workload
can be thought of as a stress derived from the stressor of task load, it was predicted
that the TLX rating for frustration and performance may be different, but not enough to
impact the overall workload. However, it is unexpected to find a difference for the high
stressor level from the TLX mental workload, physical workload, temporal, and effort.
A possible explanation can be discerned from the increase in the high stressor anxiety
levels. The attentional control theory [10] suggests that an increased environmental stressor
resulted in more stress, less resources for emotion regulation, and thereby, increases in the
perceived demand of the workload. Similarly, previous research that found heightened
stress reactivity and threat sensitivity when individuals are in conditions with high amount
of stress versus a lower threat sensitivity and reactivity in conditions with no stress [68].
The implications are that that anxiety can have adverse effects on processing efficiency
and central executive capacity, thus, a subjective workload may increase concurrently with
increasing stress levels, even when the task load stays constant.

While VREs are a promising modality for training operations in stressful environments,
questions still exist on how VRE designs effectively translate to the real world. The VR-
ISS was created with focus on place illusion, plausibility, and virtual body ownership to
enhance immersion and the potential to induce a stress response. However, a meta-analysis
on stress biomarkers in VR by [69] found inconsistent responses across studies that induce a
robust stress response with both high and low levels of immersion. Further, the individual
difference may have a large impact on general biomarker responsivity; thus, new methods
may be needed for induction to discriminate finer levels of stress.

This study had several limitations that should be considered with regards to interpreta-
tion of results and future work. First, the sample size may have been small and statistically
underpowered. Several of the measures (SBP, change in worry) had large effects sizes but
marginally significant results, such that there is a possibility the effect exists when tested
with more subjects. Running more participants would increase the statistical power and
confidence in the results. Second, the study recruited participants from the general popula-
tion rather than astronauts. The general population is less familiar with the ISS layout and
procedures, which could possibly lead to stress or confusion from being trained in a short
period of time. Further, astronauts may have stronger associations between threat cues and
spaceflight hazards, and simultaneously, possible development of coping skills to manage
the threat appraisal. Third, while Latin squares was used to minimize the influence of
training order, statistical analysis to verify that assumption for six training-order sequences
would be underpowered. Therefore, analysis of the counterbalance was not conducted, and
it is unknown to the extent that the effects of the training-order influenced the differences
among effects in the stressor levels [60]. Future work will include evaluating the simula-
tions with a participant sample similar to the age range, education level, and demographic
of astronauts. Future investigation of other training effects would be beneficial and include
memory consolidation/retention, task performance, and physiological habituation over
multiple sessions.

7. Conclusions

This research found that stressors present in an emergency procedure could be manip-
ulated in VR and approximate the physiological and subjective responses expected during
a stress response. Results from this experiment were mixed. The high and low stressor
levels had distinguishable results, but the medium level was harder to distinguish.

The findings complement past research that has investigated levels of stressors in
VREs [16], which also found varying levels of stress when individuals are exposed to
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gradually increasing stressor. However, this experiment expands on those studies by
adding the context of an operational task procedure and relevant environmental stressors.

While the measurement of stress is empirically straightforward, questions still remain
about stressor underpinnings, association with immersion, and impact of VRE design on
stressor appraisal. VR stressor scenarios may have more discernable physiological and
distress by changing the stressors, magnitude, or combination. Future research should
investigate how the combinations of stressors may influence the resulting stress response
and how similar the stress is to that felt in the real environment.

Astronauts may benefit from training with VREs that simulate procedures on the
interior of the ISS. Simulating stressors with a VRE allows for an immersive experience that
is not constrained by resources (e.g., money, staff) or physical infrastructure. A training
environment that can induce specific stress similar to the operational environment may
help individual manage cognitive resources and emotional states with less consequence
than in a real situation. By validating stressor levels, astronauts may someday use VR for
training emergency fires and other stressful spaceflight procedures.
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