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INTRODUCTION:

Spaceflight has detrimental effects on human health, imposing significant and unique risks to crewmembers due to

physiological adaptations, exposure to physical and psychological stressors, and limited capabilities to provide medical
care. Previous research has proposed and evaluated several strategies to support and mitigate the risks related to
astronauts' health and medical exploration capabilities. Among these, extended reality (XR) technologies, including
augmented reality (AR), virtual reality (VR), and mixed reality (MR) have increasingly been adopted for training,

real-time clinical, and operational support in both terrestrial and aerospace settings, and only a few studies have reported
research results on the applications of XR technologies for improving space health. This study aims to systematically
review the scientific literature that has explored the application of XR technologies in the space health field. We also
discuss the methodological and design characteristics of the existing studies in this realm, informing future research and
development efforts on applying XR technologies to improve space health and enhance crew safety and performance.
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or over 60 yr of human space exploration, the National

Aeronautics and Space Administration (NASA) and other

space agencies have shown a growing interest and dedi-
cated tremendous effort to advancing the space exploration
field. Keeping astronauts safe and healthy throughout missions
has been a major area of focus since the earliest days of
space exploration.”? These goals are even more critical when
considering the recent global efforts of governmental agencies
and private companies to enable commercial spaceflights
for non-astronaut travelers. Understanding the effects of
spaceflight on human physiology and developing mitigation
strategies to protect space travelers' health is crucial as future
missions move beyond low Earth orbit to lunar explorations
and into deep space destinations.'’

The space environment imposes unique physical and
psychological challenges for crewmembers, affecting their
performance during routine activities in space, and creating
unprecedented levels of health-threatening hazards and poten-
tial accidents.!’ An extensive body of literature has already
shown that long-term exposure to microgravity conditions sig-
nificantly affects spatial orientation, sensorimotor coordina-
tion, and neurophysiological adaptive responses.”*> Previous
studies have also reported deleterious psychological effects of
isolation and confinement during space missions. Furthermore,

delays and disruptions in the communication between mission
control and the spacecraft can create additional challenges to
crewmembers,”** especially during medical events, compro-
mising crew health and capacity and posing a significant risk to
mission success.>**

Previous research has proposed and evaluated several
strategies to support and mitigate the inherent risks related to
space health and medical exploration capabilities. Effective
clinical tools and medical training have been identified as
critical requirements for space explorations,”! especially for
long-duration missions. The NASA human research roadmap
identifies critical gaps in current knowledge in the areas of
medical decision-making and crew clinical skills required to
enable extended missions and/or autonomous operations."*!
Several researchers are investigating different types of inter-
ventions, including clinical decision support systems and
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medical training to support astronauts during medical event
management.*” High-fidelity simulation, for example, has
emerged as an effective methodology for educating, practic-
ing, and evaluating team performance in aviation, spaceflight,
and medicine.”® However, the physical nature of simulation
and associated expertise and equipment required to run
real-time training programs limits scalability and portability.
More deployable and scalable solutions are required to train
and maintain clinical competency in operational settings, par-
ticularly in remote and resource-constrained environments
such as space.

Extended reality (XR) technologies have increasingly been
adopted for training and operational support in both terres-
trial®*? and space settings,*>** and a growing number of stud-
ies have shown the potential for space crews to enhance their
operational and behavioral skills using these immersive tech-
nologies.”**>** XR refers to a wide range of technology that
blends the physical and the digital worlds in a reality-virtuality
continuum. Experiences in which graphics are overlaid onto
video streams of the physical world are defined as augmented
reality (AR), and experiences that present a fully digital experi-
ence are known as virtual reality (VR). Mixed reality (MR)
covers experiences between these two extremes.”

Research addressing the use of XR for space health applica-
tions is relatively scarce; however, a few promising preliminary
findings have been reported in the past decades on the utility
and effectiveness of XR technologies for promoting space
health. The aim of the present study was to systematically
review the scientific literature and describe how XR technolo-
gies, including AR, VR, and MR, have been applied to the space
health field. Additionally, we will discuss the methodological
and design characteristics of the existing studies in this realm,
informing future research and development efforts on applying
XR technologies to improve space health and enhance crew
safety from low Earth orbit, through lunar explorations, to deep
space missions such as Mars.

METHODS

This study was carried out according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA
2020) guidelines.™

Data Source

In May 2021, a literature search was conducted within the
following databases for studies published between January
1900 and June 2021: MEDLINE (PubMed), the IEEE Xplore
Digital Library, the Association for Computing Machinery
(ACM) Digital Library, PsycINFO (Ovid), EMBASE, and the
Web of Science Core Collection.

Search Strategy

We developed a comprehensive search strategy to retrieve all
studies with a focus on XR technologies in the space health
domain. We adapted the Medical Subject Headings (MeSH)
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terms and keywords from our MEDLINE search strategy to the
other databases according to the specific syntax required for
each database. No database filters were used and the search
query was applied to both title and abstract. To ensure literature
saturation, we also hand-searched the reference list of all
included articles for other potential inclusions. We used the fol-
lowing search query: (astronauts OR “space flight” OR “space
research” OR spacecraft OR “extraterrestrial environment” OR
“extravehicular activity” OR hypogravity OR moon OR mars
OR astronaut* OR cosmonaut* OR orbit* OR gravity* OR
microgravity* OR “space mission” OR “space exploration”)
AND (“virtual reality” OR “augmented reality” OR “extended
reality” OR “mixed reality” OR immersive).

Eligibility Criteria and Selection Process

Only peer-reviewed original studies were included. We
excluded studies that were not peer-reviewed original full
manuscripts, not space-related, not healthcare-related, not
XR-related, and not in English. All studies retrieved by the
search strategy were imported into a web-based systematic
review management platform (Covidence). Using the Covi-
dence platform and in pairs, four researchers independently
screened titles and abstracts based on the eligibility criteria. In
case of disagreement, another researcher made the final deci-
sion. Subsequently, the same four researchers read and screened
tull-text articles for inclusion/exclusion, and another researcher
solved disagreements. The PRISMA flow diagram showing
screening and selection results is shown in Fig. 1.

Data Extraction

A data extraction form was designed in the Covidence platform
and three independent researchers extracted data, in pairs,
from eligible studies. A fourth researcher compared the data
extracted from each pair and solved disagreements. If neces-
sary, a fifth researcher was consulted. The Covidence dataset
was extracted in CSV format to allow descriptive data analysis.
The following fields were extracted from all the studies: title,
methods, study design, sex and age of participants, the total
number of participants, type of participants, medical specialty,
clinical condition, study setting, XR modality, primary pur-
pose, design features, addressed issues and limitations of XR
tools, usefulness and usability measures assessment, type of XR
device, technology acceptance assessments, objective, and sub-
jective assessment metrics.

Data Synthesis and Quality Assessment

We conducted a qualitative narrative synthesis of all included
studies, providing a descriptive analysis based on study
design and setting, population, type of medical condition and
specialty, type of XR technology, and measurements. Four
independent researchers, in pairs, evaluated the methodolog-
ical quality of all the studies using the validated Medical
Education Research Study Quality Instrument (MERSQI),"
which is a 10-item instrument that assesses 6 domains of
research quality (study design, sampling, data type, validity
of assessments, data analysis, and outcomes). Each domain
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Fig. 1. PRISMA flow diagram.

receives a score from 0 to 3 for a maximum total score of 18.
We calculated and reported the mean MERSQI score, based
on the two authors individual ratings, for each included
study, as well as the mean and standard deviation MERSQI
score among the studies.

RESULTS

A total of 2182 studies were imported for screening and 630
duplicates were removed. We screened 1552 studies based on
title and abstract, from which 331 were assessed for eligibility
based on the full text. After the full-text screening, 315 studies
were excluded and a total of 16 studies were included in the
final systematic review. Fig. 2 shows the distribution of the
studies based on the date of publication.

Study Design and Setting

Four studies (25%) were pre/post-test, four (25%) case report or
descriptive, three (19%) cohort, two (13%) randomized control
trials, one (6%) nonrandomized control trial, one (6%)
cross-sectional, and one (6%) qualitative study. All studies
(N = 16, 100%) were conducted in simulated settings and no
study was conducted in a real space environment. Among the

simulation-based studies, 10 studies (62.5%) performed their
experiments in an intravehicle setting, 4 studies (25%) explored
an extravehicle setting, and 6 studies (37.5%) included micro-
gravity simulations.

Population

While three studies did not mention participants, the remain-
ing 13 studies included in aggregation a total of 777 partici-
pants, representing astronauts, clinicians, engineers, and
students. More specifically, the participants were: physicians in
five studies (31%), engineers in four studies (25%), astronauts
in two studies (12.5%), flight surgeons in two studies (12.5%),
other healthcare professionals in two studies (12.5%), other
healthcare students in two studies (12.5%), and medical
students in one study (6.2%). Moreover, most of the studies
(N =11, 68.8%) included other types of participants such as
analog astronauts, family members of astronauts, master
students, and nonspecified students.

Medical Conditions

Medical specialties were classified into two main groups: sur-
gical and nonsurgical. The majority of studies developed and/
or evaluated XR technologies involving nonsurgical special-
ties (N = 12, 79%) and only 4 studies (25%) evaluated XR
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Fig. 2. Number of studies by year of publication, grouped by type of XR tools (VR, AR, and MR).

applications in surgical specialties. The nonsurgical specialties
were: three (25%) in Neurology, three (25%) in Rehabilitation
Medicine, two (15.6%) in Radiology, two (15.6%) in Emer-
gency Medicine, and two (15.6%) in Psychiatry. Table I and
Table II also show the details of the studies separated based
on surgical and nonsurgical applications.

XR Technology

Among all included papers, 13 studies (81.2%) used VR tech-
nology, two studies (12.5%) used AR, and one study (6.2%)
reported an MR application.

Hardware. Based on the technological embodiment contin-
uum proposed by Flavian et al.,'® as shown in Table III, we cat-
egorized XR hardware used in these studies into four groups:
stationary external devices (e.g., desktops, fixed displays), por-
table external devices (e.g., smartphones), wearable devices
(e.g., HDM), and implanted devices (e.g., microchips or smart
contact lenses).

Table IV also shows the types of XR devices used in the
studies. Most studies used either PC/projector tools or custom
VR environments. Oculus Rift and Microsoft HoloLens were
the only two commercially available tools used in these studies.

Measurements

We extracted the type of measures these studies used to evalu-
ate XR applications. The measures were categorized in the fol-
lowing domains:

1. Self-report: Out of 16 studies, 9 (56.2%) used various types of
self-reported tools, including the orientation preference ques-
tionnaire,®” system usability score (SUS),® simulator sickness
questionnaire,**” usability interview,?® usability structured
questionnaire,”” trainer's rating of instructional design
method,”® NASA Task Load Index (TLX),"™7 Short Stress
State Questionnaire,'® social connectedness and satisfaction
questionnaire,'”*6 and expert scoring questionnaire.”

2. Observation-based: Task performance also was measured in
two studies'>** using observational methods. They focused
on performance accuracy and time until completion of a
task. In one study also, the reviewers measured the number
of VR-based laparoscopic tasks that were successfully com-
pleted and the percentage of task attempts.*’

3. Knowledge tests: Only two studies (12.5%) used knowledge
tests as a metric to evaluate the effectiveness of an interven-
tion. Finseth et al. used a written quiz for wayfinding and
emergency response abilities of users as a result of a
VR-based intervention for spaceflight hazard training
during a graduated stress exposure condition.'” Limbu et al.
also evaluated users’ knowledge after practicing with a
sensor-based AR system designed for aircraft maintenance,
medical imaging, and astronaut training.?’

4. Motion-Kinematic: a wide range of metrics associated with
human motion and kinematics was used to evaluate the
effectiveness of XR applications or to modify and customize
the applications: hand movement,>* waist trajectories,”
torso alignment and force transducer data,?® path length,
knee extension and joint motion velocity,* stride length and
step length symmetry,'* center of pressure, body angle, and
orientation.” For example, the hands’ position and motion
were measured using magnetic trackers and sensor gloves
to evaluate a surgical simulator developed for astronaut
training.’

5. Physiological data: In general, only three studies (18.8%)
used physiological metrics, including EEG,?”*’ heart rate
variability, and blood pressure.'®

6. System-related data: Although we only included studies that
collected data from human participants, a few studies also
reported on metrics associated with system performance,
which can directly or indirectly affect the human experience
in using XR applications. Barnes et al. used software features
such as integration accuracy and update rate to discuss the
feasibility of implementation of a surgical training system

for astronauts.’ Other studies'>* involved measurement of
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Table Il. Summary of the Studies Included in This Review With a Focus on XR-Based Nonsurgical Applications.

MERSQI

CLINICAL
CONDITION

Other

MEDICAL
SPECIALTY

Rehabilitation

XR
TECHNOLOGY

STUDY
VR/Not reported

NO.
PARTICIPANTS

SCORE PRIMARY PURPOSE
Usability/human factors

ASSESSMENT METRICS

SETTING
Microgravity Physiological/Kinematics

DESIGN

Pre-test/

REF (YEAR)

12

Yoshimitsu®’ (2010)

post-test
Pre-test/

Usability/human factors

9

Self-report/Kinematics

32 VR/PC-Monitor Neurology Emergency/ Acute  Other

Chen et al8 (2015)

post-test

Cross

Usability/human factors

Other Self-report

Elective/ Chronic

Psychology

VR/Custom VR

53

Wu et al“® (2016)

sectional
Non-RCT

RCT

Usability/human factors

1.5

11

Kinematics

Other
Other

Other

Rehabilitation
Neurology
Radiology

VR/Custom VR

20
34
142

Eikema et al.'* (2016)
Chen et al? (2017)

Usability/human factors

Self-report/Kinematics

Self-report

Elective/ Chronic
Elective/Chronic

VR/Oculus Rift

Clinical Training/Telemedicine

Stress Management

Spacecraft
Other

AR/HoloLens

Cohort

Limbu et al28 (2018)

9.25
132

Self-report/Others

Emergency/Acute
Elective/Chronic

VR/Not reported  Psychology

Cohort
RCT

12

Galunder et al.'”” (2018)
Finseth et al.”” (2018)

Usability/human factors

Microgravity Self-report/Knowledge/

Emergency

VR/Custom VR

Observation/Physiological

Self-report/Others

Medicine
Rehabilitation
Radiology

Clinical Training/Telemedicine
Clinical Training/Telemedicine

Other

Elective/Chronic

VR/Oculus Rift

Case report
Cohort

Del Mastro et al.'? (2018)
Limbu et al.? (2019)

Self-report/Knowledge Tests 12

Spacecraft

Elective/Chronic

AR/HoloLens

398

study
Pre-test/

Usability/human factors

1.5

Self-report/Physiological/

Other

Emergency/Acute

Neurology

VR/PC-Monitor

20

Lietal? (2019)

Kinematics

Others

post-test
Qualitative

Clinical Training/Telemedicine

35

Spacecraft

Emergency/Acute

Emergency

VR/Custom VR

Not Reported

Nasser et al.>” (2020)

Medicine
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Study Designs

The majority of the studies lack rigor in the design. More than
80% of the studies did not include control groups and only two
studies (13%)*'> used randomized controlled experiments.
Furthermore, no study followed up participants to measure
outcomes longitudinally and none of the training research
assessed long-term knowledge and/or skills retention.

Most of the XR tools (75%) used in the studies were non-
immersive (2D displays and nonwearable devices). Therefore, it
can be difficult to generalize findings from these studies regard-
ing the actual effectiveness of immersive XR technologies in
space health. Moreover, as no full validation strategies were
outlined, it is unclear whether the proposed XR applications
published to date are of true value in improving astronauts’
health and space mission safety. Particularly for studies focused
on training aspects of XR applications in space health, it is crit-
ical to investigate the transfer of learning into real-life settings
and the progression of knowledge and skills over time through
proper longitudinal studies. Future investigations of XR-based
educational applications for astronauts’ training in medical
event management could result in significant advances in our
understanding of the suitability of this technology for support-
ing medical learning and clinical practice in space.

Primary Purpose of XR Applications

The majority of the studies aimed to investigate the usability of
XR applications for space health, where virtual therapeutic
techniques, clinical training, and telemedicine were the three
main focuses of these applications. Surprisingly, XR-based deci-
sion support and procedural clinical guidance was not investi-
gated in any of the studies. XR technologies, particularly AR,
have been widely used as a clinical support/guidance tool for
terrestrial applications.**>** Due to minimal interaction with
ground controllers, communication limitations, and prolonged
nature of the mission, just-in-time (JIT) training and real-time
clinical guidance systems are critical for long deep-space mis-
sions. NASA and the Translational Research Institute for Space
Health (TRISH) have highlighted the importance of the devel-
opment of augmented clinical tools (ACTs) to support astro-
nauts by providing planned composite medical education and
real-time care delivery guidance systems during spaceflights.*
XR could be used to seamlessly deliver ACTs, helping
astronauts to effectively manage medical events in space. The
Augmented Reality Coach (AR-Coach) is an example of a clin-
ical guidance application in which a virtual coach system guides
the crew in real time on how to perform point-of-care ultra-
sound during medical emergencies in space.**

Medical Specialty

Most of the studies focused on nonsurgical conditions.
Although the frequency of nonsurgical medical conditions is
higher than surgical events in space travel, surgical care should
be an essential component of space health solutions for devel-
oping effective and comprehensive medical exploration
capabilities to ensure the health and safety of space travelers.
Although the feasibility of performing certain surgical
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Table lll. Group of XR Hardware Used in the Studies (Based on Human
Technological Embodiment Continuum?’).

NUMBER OF
XR HARDWARE GROUPS STUDIES (%)
Stationary external devices8141>/1720.27,39434647 11 (68.8)
Wearable devices®'%152829 5(31.2)
Portable external devices® 1(6.2)
Implantable devices 0

procedures in space has already been determined,'® only a few
relevant investigations have taken place due to challenges
associated with the availability of clinical expertise and both
diagnostic and operational resources during space missions.
Considering the promising application of XR technologies in
surgery in terrestrial settings,”’ it is critical to investigate poten-
tial opportunities and challenges of immersive technologies to
ensure safe and effective surgical care in space. For instance, AR
can be used to provide real-time or near-real-time support to
flight surgeons from Earth or other space stations, enhancing
collaboration in telesurgery. Providing a unified view of the
surgical field by superimposing digital information onto AR
glasses helps flight surgeons and the medical expert on Earth or
another space station effectively communicate in managing
medical emergencies. AR information also reduces looking
back and forth between different sources of information.
Virtual projections of subsurface anatomy allow flight surgeons
to identify, anticipate, and avoid critical structures before they
are exposed. Future studies need to establish baseline concepts
of functionalities and design features of XR applications that
could provide surgical support during spaceflight, from the
preoperative to the postoperative period. Surgical support can
be provided as a real-time guide or surgical training program
which prepares space travelers for various surgical procedures.

XR-Based Medical Training

Most of the studies did not clearly describe the learning theo-
ries they used to guide the design or application of XR in space
health. Generalizability is not only reduced by the difference in
XR settings, it has also been affected by divergent underlying
learning theories. To date, it is unclear if the use of XR technol-
ogy in training astronauts is likely to contribute to astronauts’
safety and mission success. Although ground-based evidence
supports that as training tools and content become more engag-
ing and reliable, more learning outcomes may be expected, and
patients will ultimately benefit,*® there is still a lack of compre-
hensive theoretical guidance for developing XR-based medical

Table IV. Type of XR Devices Used in the Studies.

NUMBER OF
XR DEVICE STUDIES (%)
Oculus Rift>!? 2(12.5)
HoloLens?%° 2(12.5)
Custom VR environments 1> 4(25)
PC/monitor or projector®82/43 4(25)
VR laparoscopy simulators?®=° 2(12.5)
Not reported'’#” 2(12.5)

training curricula. Most of the investigations on Earth or in
space related to XR medical training have been focused on the
acquisition of technical skills. However, it is crucial to incorpo-
rate nontechnical skills into XR-based medical training curric-
ula, particularly for space applications where errors can pose a
significant risk to mission success. For instance, training situa-
tional awareness in high-risk environments is reported as a crit-
ical component of operation safety, but is lacking in XR-based
medical educational curricula for space.*

There is not enough evidence to inform the design of suit-
able learning activities with XR systems, where knowledge and
skill development could be integrated into the astronauts’ capa-
bilities during space missions. Therefore, further research
should illuminate minimum requirements of XR systems’ and
models’ designs, features, and functionalities, as well as how to
effectively use them for healthcare education.

XR Hardware, Devices, and Modalities

A high variability was observed in XR tools used in the studies;
however, most of them did not use portable or wearable tools
such as head-mounted displays. Considering the publication
year of the papers, it is not surprising that only four studies
used HMDs available in the market. Wearable VR devices
emerged with the introduction of the PC-connected Oculus
Rift prototype in 2010 and progressed rapidly over the course
of the last decade. The cost of VR headsets has dropped dra-
matically and computer hardware capable of running these
headsets is virtually mainstream. XR systems are now part of
affordable standalone AR and VR headsets, which are expected
to be cheaper and lighter in upcoming years. Future studies
need to investigate XR applications deployed in these new
hardware technologies.

Evaluation Measures

Alongside the poor methodological quality of the studies
included in this review, there was a large variability in assess-
ment metrics, which compromises the generalizability and reli-
ability of results obtained from these studies. Methodological
quality assessed by the MERSQI score was low for most studies,
indicating that several aspects of research in this field can be
improved. Although some studies employed validated tools for
assessing the effectiveness of XR applications, most did not fol-
low a systematic evaluation approach. Further studies to
strengthen the existing evidence would require assessing
behavioral and patient-related outcomes through more rigor-
ous and systematic approaches. Future studies should include
larger sample sizes and standard validated measurement
methods.

In addition to space, the findings from this systematic review
can be used to support the design and development of XR
applications for terrestrial settings such as telemedicine, medi-
cal training, and clinical decision support in remote and austere
environments. The paradigm of health care delivery has shifted
dramatically from hospital-based to homecare and telehealth.
XR technology in these contexts has the potential to provide
useful resources. This study may also help researchers and

128 AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 94, No.3  March 2023

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05



developers to gain a better understanding of the challenges in
developing XR-based solutions for improving patient care,
particularly in low-resource environments.

Limitations

Several limitations should be considered when interpreting the
results of this systematic review. Given the rapid growth of XR
technology in recent years, it is likely that research involving
certain XR applications in space health has not yet been pub-
lished or is under patent/copyright restrictions, precluding
their inclusion in this review. Clinical utility and validity of XR
applications included in this review were limited by high vari-
ability in sample size, design of the study, medical conditions,
and type of XR tools. Included studies also covered a wide range
of main purposes, which may limit the specific scope of find-
ings considering high variability in XR applications’ primary
purposes. Future review studies should target a narrower con-
centration of main purposes for XR applications. This relatively
new research field must build on more validated metrics to
investigate the impacts of XR tools on astronauts' health and
performance. In addition, further research should include the
analysis of other moderating variables in order to provide a bet-
ter understanding of the impact of XR on space health.

One of the other major drawbacks of most of the included
papers is that they were not clear about the design and proto-
typing stage of the XR systems and how they incorporated
astronauts’ needs and feedback into the design process of the
XR applications. Human-centered design has emerged as a
promising and versatile approach to engage users in the
design and adaptation of healthcare digital systems to better
meet clinicians’ and patients’ needs, resulting in fewer usabil-
ity issues and human errors, plus a higher adoption rate of
technologies.'®*! In terrestrial medicine, for example, unsat-
isfactory clinicians’ perceptions of a system’s content and
design are associated with less successful technology
implementations.?

Conclusion

To our knowledge, this is the first study that systematically
reviews the existing literature on XR applications for space
health. We reviewed applications of XR technologies that
focused on space health and encompassed a broad range of
experimental design, XR tools, medical specialties, clinical
conditions, space-related experiment setups, and assessment
metrics. The limited number of the studies and wide variation
in the design of the studies, medical conditions being studied,
and primary purpose of the XR applications pose substantial
challenges to reporting compelling evidence in support of suc-
cessful implementations of XR in space health. There was a lack
of consistently positive outcomes and high-quality studies for
all XR modalities.

XR technology is in the early stages of application within
space health, but it has enormous potential for supporting
astronauts and non-astronaut space travelers during medical
event management. Real-world applications of XR in space
health not only require designing pertinent functionality and
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features, but also identifying appropriate clinical guidelines and
training methodologies to better address the needs of astro-
nauts and other space travelers during medical event manage-
ment in space.
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