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ABSTRACT

During the ISS4Mars workshops in 2020-2021, personnel from the International Space Station (ISS) partner
agencies convened to reflect on scenarios for how the ISS could be used and its operations possibly modified to
simulate aspects of a human mission to Mars. Scientific leaders, operations experts, crewmembers, managers,
and flight surgeons discussed the five hazards of human spaceflight—gravity transitions, radiation, isolation and
confinement, distance from Earth, and hostile closed environments—and considered how an ISS-based analog of
Mars transit could benefit assessments and mitigations of these hazards. A focused writing team then discussed
the advantages and disadvantages of each approach identified by the workshop participants before developing a
set of eight use cases to consider the feasibility of implementing on the ISS. The writing team also identified the
prerequisites needed, including ground analog studies simulating a mission to Mars required to verify measure-
ments and procedures, before testing could begin on the ISS. Five of the use cases were considered feasible to as-
sess in simulations using an ISS-based analog of Mars transit if some ground rules and assumptions were met.
These five use cases were Earth-independent medical operations, Earth-independent integrated operations, life
support and food for a one year duration, lower-body negative pressure as a countermeasure against the effects of
exposure to microgravity, and fitness levels after landing. In addition, three more extensive interven-
tions—extended Mars surface operations, a small-volume transit analog, and artificial gravity—were deemed un-
feasible for testing on the ISS. Experience gained from the five use cases executed on the ISS may help answer
some of the questions in the deferred scenarios, or it may be possible to complete them on another platform (e.g.
commercial space station, lunar habitat). Simulating conditions during a Mars mission on the ISS will afford
higher fidelity for assessing multiple integrated hazards of human spaceflight, however, ground analogs of Mars
missions can be used to ensure effective measures and experimental design before testing begins on the ISS. The
strategic concepts refined as part of these workshops were brought to a multilateral forum, Mulitlateral Human
Research Planel for Exploration (MHRPE), where ISS partner agencies are now discussing implementation plans
to provide new opportunities to use the ISS to prepare for deep space exploration over the coming decade. In this
publication we present a summary of the international strategic plans for future research that will enable opera-
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tions, software, and countermeasures to be developed that will reduce the risk to humans during future crewed

missions to Mars.

1. Background

Over the past two decades, the International Space Station (ISS)
partners have used the ISS for three main research goals: (1) as a labo-
ratory for conducting controlled experiments in life and physical sci-
ences in microgravity conditions, (2) as an analog to understand the ef-
fects of weightlessness on human physiology by studying the crew
while they live and work on board the ISS, and (3) as a platform for
making observations using instruments from space [1]. A significant
amount of research on the ISS now focuses on understanding and miti-
gating the effects of microgravity on astronaut health and performance
in preparation for a successful future microgravity transit to Mars [2—4,
43,471].

1.1. Overview of exploration-related research on the ISS

In the past, effects of spaceflight stressors have been characterized
individually. However, in recent years, both the National Aeronautics
and Space Administration (NASA) [5,6] and international spaceflight
partners [7-10,49] have begun a broader and more integrated consider-
ation of all the different hazards that a crew would experience on a
Mars mission (Table 1), and whether those challenges are similar to
those on the ISS, or could be simulated on the ISS.

1.2. Why ISS4Mars?

Deep space human exploration beyond Earth’s vicinity is probably
the greatest and most complex endeavor in human history. Scientific
and technological advancements on the ISS, and in spaceflight more
broadly, will pave the way for a future crewed mission to Mars, al-
though mitigating the effects of some spaceflight hazards still requires
significant research [3,31].

New technologies, countermeasures, and operations for a Mars mis-
sion can be assessed, and scientific investigations [44] can be per-

Table 1
Grouping of major hazards [5,11,12] that present risks to humans during
deep space missions. The risk examples are not always aligned with only one
hazard.

Hazard Examples of Major Risks to Humans

Altered Gravity Fields:
microgravity, partial

Bone fracture [13], reduced muscle size, cardiac
rhythm problems, renal stone formation, host-
gravity, and transitions = microorganism interactions [14], sensorimotor
between gravitational alterations [15], orthostatic intolerance, spaceflight
fields associated neuro-ocular syndrome (SANS) [16],
cardiovascular adaptations [17], reduced aerobic
capacity [17], urinary retention, reduced ability to
egress the vehicle

Radiation carcinogenesis [19], cardiovascular disease
[20], alterations in the central nervous system changes
[21,22,23], immune function [24], and reproductive
system [25]

Inadequate inflight medical responses [26,50],
inadequate food and nutrition [27,28], ineffective and
toxic medications, inadequate human systems
integration architecture, inadequate responses to
emergencies

Inadequate psychosocial adaptation within a team
[29], adverse cognitive or behavioral conditions [30]
Exposure to toxins, celestial dust [53], and elevated
carbon dioxide levels [54,55], hypoxia, decompression
sickness, reduced performance during extravehicular
activity [56], altered immune response [56,57],
electrical shock, sleep loss, hearing loss, injury from
dynamic loads

Radiation Exposure: acute
and chronic [18]

Distance from Earth:
communications delays,
blackouts, inability to
evacuate

Isolation and Confinement

Hostile Closed
Environments:

formed in analogs of the spaceflight environment if these spaceflight
analogs have the appropriate fidelity. The ISS international partners
have developed a strategic framework that considers every spaceflight
as an analog with some level of fidelity for a Mars mission (see Fig. 1,
[51). Although many valuable research studies are conducted in
ground-based analogs of spaceflight [32-35,45-46,52], these “space”
analogs provide lower-fidelity than flight platforms. The ISS has been
used effectively to model microgravity-induced physiological stresses
that will occur during a transit to Mars. Temporary changes in ISS oper-
ations could simulate various additional aspects of a Mars mission, such
as the challenges of communication outages [36] and latency, and an
increased level of crew autonomy [37]. These ISS modifications could
be used to assess important operational challenges prior to testing dur-
ing lunar missions [42,51], which will have even higher fidelity but be
more hazardous. Evolving paradigms of ISS operations could thus en-
able the success of future exploration missions. To address this opportu-
nity, interagency discussions were initiated to develop a more inten-
tional, collaborative, and operationally focused ISS-based analog of
Mars, dubbed “ISS4Mars”.

1.3. Workshop purpose and goals

Representatives from some of the ISS partners agencies met in
Rome, Italy in October 2018 to participate in the first ISS4Mars work-
shop. The full history of the conference and the discussions are re-
viewed by Robinson et al. (2021) [38]. Because ISS partner space agen-
cies expressed interest in discussing innovative approaches to conduct
strategic operational, medical, and experimental studies on the ISS (and
future low Earth orbit platforms) in preparation for human missions to
Mars, a second ISS4Mars Workshop! was conducted with international
partners. The second ISS4Mars workshop first convened in October
2020, and the final products resulting from this workshop were com-
pleted in October 2021.

The second ISS4Mars workshop offered an opportunity for partici-
pants with a wide range of backgrounds in implementing research on
the ISS to consider additional approaches that could help prepare for fu-
ture exploration missions—studies that were not being proposed be-
cause they did not fit in the current confines of research conducted on
the ISS. The aim of the workshop was to obtain structured responses to
the following 3 key questions and to seek recommendations for new
and innovative uses of the ISS as an analog for Mars missions.

e What added value does an ISS-based analog of Mars transit provide
compared to ground analogs of spaceflight environments and
conventional studies on the ISS?

e How technically feasible would it be to implement Mars analog
simulations on the ISS without impacting other research on the ISS?

e What synergies exist with other objectives such as the visibility of the
ISS to the general public, extension of the ISS operations, and
developing of commercial economy in low Earth orbit?

1 The workshop was co-organized and -hosted by the ISS partner space agen-
cies, Italian Space Agency (ASI, Rome, Italy), Canadian Space Agency (CSA,
Longueuil, Quebec, Canada), National Center for Space Studies/Institute for
Space Medicine and Physiology (CNES/MEDES, Toulouse, France), German
Aerospace Center (DLR, Cologne, Germany), European Space Agency (ESA, No-
ordwijk, Netherlands), Institute of Biomedical Problems (IBMP)/Roscomos
(Moscow, Russia), Japan Aerospace Exploration Agency (JAXA, Tokyo, Japan),
and National Aeronautics and Space Administration (NASA, USA).
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Fig. 1. Strategic framework to prepare for a human mission to Mars in terms of
the overall fidelity of the spaceflight analog, as well as the access and ease of
conducting research (width of the triangle).

The workshop participants reviewed the challenges of exploration
missions, developed recommendations for temporary changes in ISS op-
erations that could simulate those challenges, and provided suggestions
on how to implement these changes. The workshop was essentially an
interagency meeting intended to identify the rationale, implementation
approach, and impacts of concepts for using the ISS as an exploration
analog.

1.4. 1SS4Mars workshop structure

Due to the pandemic, the organizers planned a virtual format that
took advantage of the potential benefits of remote assemblies as sum-
marized in Fig. 2. Part I included plenary talks from representatives of
each space agency, followed by breakout group meetings that each ad-
dressed a key hazard associated with crewed missions to Mars (Table
1), and participants addressed modifications to ISS operations that
could address these challenges. After part I, the organizing committee
identified an international writing team comprising technical and sci-
entific experts from ASI, CSA, DLR, ESA, and NASA, to refine the work
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of the breakout groups, develop use case scenarios, discuss operational
practicalities, determine good experimental design, and assess how to
implement the approaches. The workshop participants then reconvened
in part II of the workshop to discuss the use cases and the perspectives
of different stakeholder groups. Finally, the writing committee further
consolidated, reviewed, and refined the use cases, made recommenda-
tions of ground rules and assumptions for implementation, and wrote
this final report with additional support from IBMP and JAXA. A more
detailed description of the workshop structure can be found in Robin-
son et al. (2021) [38].

2. Findings and recommendations from ISS4Mars workshop part i

In total, nine breakout meetings (Table 2) were conducted to thor-
oughly examine the five hazards listed in Table 1. The participants of
each breakout session considered two questions specific to the hazard
they were reviewing: “What are the key challenges of exposure to this
hazard during a Mars Mission?” and “How could the ISS be modified to
help address or simulate these challenges?” The topics of the breakout
sessions overlapped considerably. For example, communications delays
can affect medical operations, and they can also contribute to the ef-
fects of isolation and confinement. Radiation was not considered as an
independent topic. Because radiation exposure might magnify the ef-
fects of other issues that were explored, the workshop participants con-
sidered radiation exposure only when relevant. The findings and rec-
ommendations of the breakout sessions are provided as expert opinions
without full annotation of the references and the previous research that
may have been on the minds of the participants during their discus-
sions.

Summaries of the recommendations resulting from each of the 9
breakout meetings are provided sections 2.1. to 2.8. below.

2.1. Critical hazards during transit to Mars and associated countermeasures
that would benefit from testing in an ISS-based Mars transit analog

The participants of this breakout meeting deemed several critical
hazards to crewmembers’ health as high priority for study using an ISS-
based Mars transit analog. These health hazards included exposure to
microgravity for the same durations expected for transits to and from
Mars; behavioral challenges associated with long-duration isolation and
changes in circadian rhythm; and retention of mental and physical pro-
ficiencies throughout the mission. The participants agreed that effective

2 International 1ISS4MarsWorkshop 2020-2021
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Fig. 2. ISS4Mars workshop process and structure. MHRPE is the Multilateral Human Research Panel for Exploration, a group that discusses human research strategy
and implementation between ISS partner agencies. GR&A indicates ground rules and assumptions.
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Table 2
Topics discussed in each breakout meeting.

Primary Hazard Focus of Discussions Section

Altered Gravity Critical hazards during transit to Mars and associated 2.1
countermeasures that would benefit from testing in an

ISS-based Mars transit analog

Altered Gravity Gravity transitions and early surface operations for a 2.2
Mars mission

Enclosed Living in a closed environment—Environment and 2.3
Environment closed life support systems

Enclosed Living in a closed environment—Food systems 2.4
Environment

Enclosed Living in a closed but leaky environment—Human 2.5
Environment microbiome, microbial monitoring, and planetary

protection

Isolation and Isolation and confinement 2.6
Confinement

Distance from Medical operations for Mars missions 2.7
Earth

Distance from Autonomous systems and crew-centered autonomy 2.8
Earth

Distance from Communications delay effects on operations 2.8
Earth

Table 3
ISS4Mars use cases and recommendations from the focused writing team.
Use Case Assessment Section

Earth-independent medical operations analog Recommended 3.1

Earth-independent integrated operations analog Recommended 3.2

Earth-independent ECLSS, food, and autonomy Recommended 3.3
analog

Lower body negative pressure countermeasure ~ Recommended 3.4
analog

Post-landing surface fitness analog Recommended 3.5

Isolation/confinement research analog—transit

Isolation/confinement research analog—post-
landing surface

Artificial gravity countermeasure analog

Deferred, challenges 1,2 -
Deferred, challenge 3 -

Deferred, challenges 1,2, -
and 4

Challenges: 1—too challenging to currently be implemented on the ISS,
2—dependent on Commercial low Earth orbit infrastructure that does not yet
exist, 3—dependent on results of post-landing surface fitness use case, and
4—dependent on scientific flight data that does not yet exist.

countermeasures must be developed to maintain and enhance
crewmembers’ physical performance and to protect them against radia-
tion exposure, and that the crewmembers must maintain a healthy diet.

The session participants emphasized that developing, testing, and
validating countermeasures call for innovative thinking outside of the
medical and scientific mindsets currently in use for the ISS. An example
of this type of shift in mindset is a transition from a single organ-
oriented protective approach to an integrated countermeasure ap-
proach for physiological systems. In addition, the participants recom-
mended validating new countermeasure regimes using classical coun-
termeasure studies on board the ISS and in ground-based analogs of
spaceflight (e.g. bedrest studies and Antarctic research studies) before
integrated simulations are conducted on the ISS. The panel also consid-
ered artificial gravity as a potential countermeasure to the effects of mi-
crogravity; however, they concluded that significant research was still
needed to characterize how exposure to microgravity affects human
health. Even if artificial gravity were implemented during travel to the
Moon or Mars, crewmembers would still be exposed to partial gravity
when living and working on the surface.

2.2. Gravity transitions and early surface operations for a Mars mission
The participants of this breakout meeting discussed the challenges

crewmembers will face when they transition from microgravity to Mars
gravity and perform early surface operations just after landing on Mars.

Reviews in Human Space Exploration xxx (xxxx) 100047

The group noted that the expected transition between microgravity and
partial gravity (gravity on Mars is 3/8 that of Earth gravity) will be
novel for the sensorimotor system. When the crew lands, no ground
team will be on Mars to support them. During an emergency, individual
crewmembers may be required to perform physical tasks, and their re-
sponse could be hampered if they are physically deconditioned from ex-
tended exposure to microgravity during the transit to Mars. The group
regarded spaceflight-associated neuro-ocular syndrome (SANS) associ-
ated with extended duration in microgravity [16] as an additional issue
of key importance.

Assessments of ISS crewmembers’ performance on Earth after
spending many months in orbit have provided insight into the chal-
lenges unaided crewmembers will face when they land on a planetary
surface [39]. The participants of this breakout meeting suggested the
following studies. ISS crewmembers who return to Earth on the Soyuz
or future U.S. Commercial flights can be studied to further assess the ef-
fects of gravity transitions, and these crewmembers could provide an
opportunity to test new candidate countermeasures. A Mars landing
simulation conducted during the first few days of return from the ISS
could characterize risks of Mars-relevant tasks—from landing to first
Extravehicular Activity (EVA). The tasks performed could include lan-
der egress, an emergency EVA, and manual control such as for telero-
botics after landing. Some tasks also could be performed in simulated
3/8 gravity. To simulate the autonomy crews will face after landing on
Mars, landing operations after return to Earth from the ISS could be
modified to include monitored crew autonomy, increased privacy (e.g.
no TV cameras or film crews), no immediate return to Johnson Space
Center, and self-administered sensorimotor rehabilitation.

The session participants also suggested other uses of ISS to test po-
tential Mars-relevant sensorimotor countermeasures, including (1)
mimicking exploration-class exercise and balance training using the
hardware and integrated data architecture that will be available on
Mars vehicles, (2) using vestibular stimulations (e.g. galvanic) to pre-
condition the vestibular system, accelerate the adaptation process, or
correct the interpretation of vestibular queues, and (3) implementing
artificial gravity via short-arm centrifugation.

Some attendees of this session proposed that a human-rated cen-
trifuge was the best countermeasure to mitigate microgravity effects on
the vestibular system and to prevent SANS; however, many open ques-
tions remain about the use of centrifugation to simulate Earth gravity:
Would centrifugation add additional gravity transitions? Could expo-
sure to intermittent bouts of artificial gravity delay adaptation? What
about artificial gravity after landing? One of the main reasons why a
centrifuge would be difficult or impossible to implement on the ISS is
that the centrifuge diameter is too large to fit into an ISS module. Other
technical issues of implementing artificial gravity were also identified.
The session participants concluded that artificial gravity would be the
hardest countermeasure to implement, and thus reasoned that other op-
tions to mitigate the effects of microgravity may be more practical, such
as lower body negative pressure (LBNP) concepts (e.g. low-pressure
level, longer duration) as a viable solution for preventing SANS and or-
thostatic intolerance.

2.3. Living in a closed environment—Environment and closed life support
systems

A significant challenge for a mission to Mars is the number of spare
parts that will be required, especially for maintaining the Environmen-
tal Control and Life Support System (ECLSS) [40]. Engineers have been
able to reduce the required number of spare parts by 30%, which re-
duces the launch and landing weight of the vehicle but also requires the
ECLSS to be more reliable. The participants of the breakout session de-
termined that it is essential to conduct long-term tests of the Mars tran-
sit vehicle ECLSS in a relevant integrated microgravity environment.
Because two-way communications delays between Earth and crews of
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Mars missions can be up to 40 min (20 min to Earth from Mars and an-
other 20 min back from Earth to Mars), processes must be in place for
crews to autonomously maintain, troubleshoot, and repair the ECLSS
system.

During this breakout meeting, the participants identified several
concepts for using the ISS to address key concerns and issues related to
the ECLSS and overall concerns about living in an enclosed environ-
ment. Their suggested modifications to the ISS included (1) adding a
new module to the ISS where integrated testing of exploration system
technologies can be performed, which may require different interfaces
and thus necessitate hardware modifications; (2) conducting a trade
study to identify the lowest mass necessary for the ECLSS and then us-
ing ISS to test this ECLSS with an exploration food system that has
lower water content; and (3) using the ISS to test supplemental food
production during a transit to Mars.

2.4. Living in a closed environment—Food systems

To address key challenges of the food systems for a Mars mission,
the participants of this breakout meeting made a set of assumptions
about the mission: (1) for the transit phase, they assumed the mass
trades would be between shelf-stable and refrigerated food and a set of
food production technologies not yet developed, such as bulk foods
(bulk ingredients that must be assembled and cooked to prepare meals),
3D printing, and fresh grown foods; and (2) for a 30-day stay on the
Mars surface, they assumed the surface food system would be a combi-
nation of prepackaged food and, if feasible, items prepared by the crew
during their transit. Many, but not all these techniques are currently be-
ing tested on the ISS.

The meeting participants identified numerous key challenges, such
as limited food stowage, support resources and capabilities, and food
preparation equipment, and the challenge of providing a variety of
food-types. The mass restrictions and the limited resources that will be
available during a transit to Mars are major issues. Because all food
must be either brought on the mission or prepositioned on a prepara-
tory flight, food products must be shelf stable. Food must also be nutri-
tious, high quality, and of sufficient quantity, with no risk of loss, to
support the safety of the crew. Cold stowage allows more variety in sup-
plemental foods, but cold stowage technology needs to be more effi-
cient before it could be implemented on a Mars mission. Stowage mod-
ularity is also important so that not all food is ruined if one unit fails.
Food preparation and support equipment must also be efficient. A
warmer and a water dispenser would be useful to increase the variety of
food options. All these requirements are difficult to achieve in an en-
closed environment. The panel agreed that technology demonstrations
for food preparation or storage and supplementary systems could be
performed on the ISS. As a starting point, these new technology demon-
strations could be integrated on board the ISS using existing units such
as the ISS plant growth systems.

Food variety and quality supports health and enhances the astro-
nauts’ quality of life during a spaceflight. To help prevent crewmem-
bers from developing adverse cognitive or behavioral conditions and
psychiatric disorders, and to prevent boredom with the food (i.e., menu
fatigue) during a Mars mission, the appropriate food quantity and vari-
ety needed to support crew preferences must be determined. In addi-
tion, because the crew of a Mars mission will not have constant contact
with ground support personnel on Earth, new tools will be needed to
enable the crew to monitor and manage dietary intake in support of
their health and performance needs.

The participants of this breakout meeting determined that the ISS
could be used to study and validate food for a one-year transit to Mars
because the ISS provides a relevant spaceflight environment with mi-
crogravity and radiation hazards. To determine how a Mars mission
food system impacts crewmembers’ health and performance, the whole
crew must consume realistic Mars mission meals, and the crew should
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have less food items to select from than the large number of preference
items offered to ISS crews today. This simulation would allow re-
searchers to study trade-offs between food stability and crew prefer-
ences. The meeting participants also suggested providing some ISS
crewmembers with a Martian surface diet for 30 days, either as a stand-
alone study or as part of a broader Mars surface analog study after an
orbital ISS mission. However, due to the various technical challenges of
enrolling crewmembers for long studies after they return from the ISS,
the panel acknowledged that a 30-day food test in orbit would be more
feasible, whereas a post-landing study would be quite difficult to design
and complete.

2.5. Living in a closed but leaky environment—Human microbiome,
microbial monitoring, and planetary protection

During this breakout meeting, participants identified key challenges
of a predominantly closed but not perfectly sealed environment during
a human mission to Mars. They determined that one of the major chal-
lenges would be conducting microbial monitoring of the environment
and of the human microbiome to detect undesirable changes due to the
prolonged, isolated transit or to the potential entry of novel Mars mi-
crobes into the vehicle. Monitoring technologies can be used to assess
the extent to which the vents and the seals of pressurized modules leak
microbes of human origin into the Mars environment. Also, supplies
that may be pre-positioned on Mars or on un-crewed vehicles may also
have to be assessed to determine changes in microbiology over time.

The participants of this session determined that microbes could be
monitored before and after routine closure of ISS segments (e.g. the
Pressurized Mating Adapter or the Bigelow Expandable Activity Mod-
ule) as an analog for changes that might occur in un-crewed vehicles
sent to Mars. They also concluded that the monitoring frequency of
crew and the ISS should be substantially increased as part of ISS opera-
tions, and that standardized operating procedures and tools should be
developed for sampling microbes in or on air, surfaces, water, and food,
and in human samples.

2.6. Isolation and confinement

The key issues associated with isolated and confined crews include
social and sensory monotony and boredom. Because a limited volume
for both privacy and team cohesion will be available to the Mars mis-
sion crew, compatible crews should be carefully formulated to mini-
mize interpersonal friction. Current countermeasures may also be inad-
equate and inefficient to combat new and non-anticipated psychosocial
risks. Crewmembers of a Mars mission may find it harder to cope with
separation from their loved ones because of the extended communica-
tion delays. It will be difficult for the crewmembers of a Mars mission to
maintain performance through all three long-duration mission phases
(outbound, surface, and return), and each phase may require different
countermeasure approaches. Ground support personnel will also face
new demands (e.g. Mars sol day length is different from Earth day).
Therefore, investigators should also assess the unique challenges to the
ground support teams.

The participants of this session concluded that the ISS could be used
as an analog of the isolation and confinement during Mars missions if
the ISS mission design and other factors were modified. For instance,
the duration of ISS missions could be lengthened, crew autonomy in-
creased, and ground-based monitoring and audio and video links re-
duced. The windows on the ISS could be blocked so the crew cannot
view the Earth, as would occur during a Mars mission. Communication
delays could be implemented, including increasing the delays in com-
munication with family and with ground support personnel. Astronauts
could be co-located in a habitable volume similar in size of expected
volumes in the Mars transit vehicle. Changes to the crew schedule
might include fewer tasks, to simulate periods of monotony and bore-
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dom. Both ISS crew and ground support personnel could follow a Mars
sol schedule. The participants also agreed the operational performance
measures, behavioral assessments, and individualized prescription as-
sessments should be developed using ground simulations of spaceflight
conditions before testing begins on ISS.

2.7. Medical operations for Mars missions

The participants of this breakout meeting identified the following
key challenges of medical operations during a Mars mission: (1) com-
munications delays will prevent the Mars crew from having real-time
private medical conferences, private psychological conferences, health
monitoring, and screening exams with ground support personnel; (2)
providing medical care will be challenging because of the increased du-
ration and complexity of a Mars mission, as well as the mass and vol-
ume constraints for medical systems and consumables; (3) increased
EVA frequency on the Mars surface could lead to greater injury rate; (4)
the prolonged and extreme isolation and confinement during a Mars
mission could result in psychological effects; (5) exposure to altered
gravity will induce physiological effects; and (6) crew will be exposed
to deep space radiation.

Mars missions will require a completely new paradigm compared to
the medical care on ISS missions today, including increased autonomy,
reduced access to real-time ground support, limited resupply options,
and the inability to evacuate to Earth. The crew of a Mars mission must
be more self-reliant for medical care than current ISS crews, and they
must be able to aggregate and use health data on board in a real-time
fashion. A Mars Crew Medical Officer (CMO) must have more advanced
medical skills and training than current ISS CMOs. The focus on preven-
tion and early anticipation of medical issues must be increased; these
areas are currently not well researched. Also, clinical skill retention
during the mission will need to be fostered. These steps will help com-
pensate for the lack of possible timely access to Earth-based medical
support due to real-time communications delays.

The breakout group concluded that the ISS could be used to develop,
test, and implement new methods and procedures for medical opera-
tions, and they provided the following suggestions. To increase medical
autonomy on board the ISS, simulations could include physician astro-
nauts who would have more delegated power to perform medical activ-
ities that might otherwise be the domain of the ground-based flight sur-
geons. ISS onboard capabilities for medical skill training and skill reten-
tion could be developed, including the ability to perform self-guided
procedures for complex medical tasks. Simulated integrated medical
scenarios in which the crew must function more autonomously for ex-
tended periods of time could be used to determine if the medical system
will function effectively on a Mars mission. The following concepts
could also be used on the ISS to assess medical operations for a Mars
mission: testing an automated health monitoring system that uses artifi-
cial intelligence; simulating limitations in resupply (medications, food,
consumables); increasing integration of medical operations between all
international partners; and aggregating relevant health and perfor-
mance data on board the ISS for astronaut use and decision making
with limited ground support. All these simulations would require the
development of onboard medical databases, health records, and deci-
sion-support tools.

The participants provided additional ideas to consider if using the
ISS as a Mars medical analog: (1) extend the durations of ISS missions
for an entire crew (i.e., from the nominal six months to a year or more);
(2) prioritize research that explores medical unknowns and Mars needs;
and (3) redesign an ISS module to include a Mars medical workstation
for testing and validating new medical technologies and procedures.
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2.8. Autonomous systems and crew-centered autonomy, and
communications delay effects on operations

One of the most significant and common challenges identified dur-
ing the breakout meetings was the communication time delays that will
occur during a mission to Mars. Two individual breakout groups fo-
cused specifically on the effects that communications issues will have
on crew efficiency, such as completing vehicle tasks, and on cognitive
and psychological factors. The outcome of both these breakout sessions
are described here; however, many of the factors below could also be
included in the other ISS4Mars type of mission scenarios discussed ear-
lier.

The participants of these two breakout meetings concluded that
communication time delays can be implemented during ISS operations,
as has been tested in a limited capacity in the past [41], and they sug-
gested the following simulations. The crew and mission control can
practice efficient pre-packaged communication to support crew activi-
ties using limited communication time or with large delays. A simula-
tion of Mars mission equivalent communication delays can also be ap-
plied to interactions between ISS crewmembers and their family mem-
bers, to simulate additional challenges. The communication delay sce-
narios could also reflect the altered patterns of work sharing between
the crew and the ground support that will be required during a Mars
mission. Connection rates could be adapted to match Mars scenarios,
including the amount of link time. Simulating key aspects of the antici-
pated Mars mission workload, and thus psychological fidelity, will be
important. The day on ISS could be aligned with a Martian day, and the
crew work schedule could simulate potential impacts on crew sleep cy-
cle and resulting performance. A simulated exploration Mission Control
Center (MCC) that is separate from the normal real time ISS MCC would
likely be needed to conduct these communication delays safely and ef-
fectively.

To simulate greater autonomous operations, ISS operations could be
modified such that the crewmembers perform onboard training, apply
decision support tools, plan tasks, etc., without the assistance of the
MCC. Communication will be more effective if crews receive refreshers
regarding what to expect and how to self-prepare for Mars mission com-
munication delays.

3. Defining use case scenarios and ground rules and assumptions

After the breakout sessions concluded, a focused writing team devel-
oped a series of use cases and associated ground rules and assumptions
that incorporated the findings from the first part of the workshop (see
Fig. 2). During follow-on discussions, the workshop participants evalu-
ated these use case scenarios and suggested specific Mars simulation
concepts, feasible implementation plans within the framework of ISS
standard operations, innovative ideas for expanding ISS capabilities to
support the use cases, and international partnerships. A total of eight
use cases were studied and developed; however, after more in-depth
evaluation, the workshop participants determined that three of the use
cases were too challenging to currently implement on the ISS (see Table
3).

The writing team also generated a set of ground rules and assump-
tions to aid in developing, reviewing, and implementing the use case
scenarios, and to ensure crew health and safety during the use case ac-
tivities. These ground rules and assumptions are as follows: (1) the crew
will be briefed on and committed to mission parameters before the mis-
sion; (2) flight, medical, or crew operations personnel can stop the test
at any time; (3) current processes for ensuring crew well-being through
regular check-ups will continue; however, if a communication delay is
imposed during the study, the checkups will occur with the imposed de-
lay; (4) the crew will be provided countermeasures, including Mars-
relevant and established protocols for treatment of potential health is-
sues; (5) the privacy of the individual involved in the studies will be
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maintained per current protocols; and (6) research will be planned
within normal ISS increment planning cycles.

Each of the five feasible use cases are described in the sections be-
low.

3.1. Earth-independent medical operations analog

This use case will simulate nominal medical operations, such as the
crew monitoring their health status, care, and nutrition needs, and will
simulate contingency medical emergencies. The simulation should in-
volve a minimum of two crewmembers (a simulated patient and care
giver) for a duration of up to two days with starting communication de-
lays of five minutes. To support this simulation, a medical workspace
could be configured on the ISS, and astronauts should use relevant on-
board health and performance data to make decisions.

Additionally, the crew might need more intensive medical training
before flight, and be selected based on their medical knowledge, experi-
ence, and background. Finally, this simulation should be developed and
tested on the ground before being conducted on the ISS. To support in-
ternational coordination and planning, an international working group
should be assigned to define the medical data that will be required by
an autonomous crew, the support required to aid the crew in making
decisions, and the training required for the crew, and the working
group should develop a roadmap for these studies with a timeline that
includes the ISS.

3.2. Earth-independent integrated operations analog

For this use case, a communication time delay will be implemented
between the ISS and ground support personnel, possibly with a simu-
lated exploration MCC. The communication time delay will begin with
a maximum of five minutes over a period of two weeks. Shorter delays
may be implemented initially, and the five minutes should be re-
assessed after the first simulation is complete based on the goals of both
psychological study and emergency event simulation, which may need
longer delays. Nominally, the simulation would include the entire ISS
crew, although individuals may opt out of the research. To ensure the
safety of the crew during this simulation, MCC would maintain control
of the flight vehicle, and the crew would not close hatches between
modules or block access to crew return vehicles.

To prepare for the simulation, the international partners should first
identify operational concepts for the most relevant tasks and emergency
procedures to be tested on board the ISS with the simulated exploration
MCC (see section 2.9). Then, the ISS program should determine which
scenarios and procedures are acceptable for simulations and define de-
cision gates for when the duration of the simulation could be extended.
Finally, the ISS program should develop simulations that can be imple-
mented and tested on the ground before testing begins on the ISS. The
ISS program should (1) assign a multi-lateral team who will develop an
integrated approach to using the various Earth, ISS, and lunar plat-
forms, (2) develop a testing strategy to migrate the simulations from
ground-based testing to testing in space using a simulated exploration
MCC to support the simulation, and (3) develop operations objectives,
requirements, and plans.

3.3. Earth-independent ECLSS, food, and autonomy analog

This use case will extend studies in ground analogs of spaceflight to
test the exploration food system and the ECLSS on the ISS over a one-
year period. The crewmembers will conduct Earth-independent moni-
toring, decision making, maintenance, and repair procedures for the
habitation systems components. Additionally, the use case will involve
the entire ISS (all partner modules) and an exploration-class food sys-
tem for the entire crew, although individuals may opt out of the re-
search.

Reviews in Human Space Exploration xxx (xxxx) 100047

To prepare for this simulation on ISS, the ISS program will need fi-
nal simulation parameters that are based on the study data obtained in
the highest-fidelity ground analogs?. Also, the ISS partners should iden-
tify exploration systems (e.g. food, life support systems) and compo-
nents (e.g. pre-packaged food and replacement parts) that are already
developed and appropriate for studies in an ISS-based analog of Mars
transit. The ISS partners should develop a multi-agency exploration
food systems roadmap to guide development and validation of the food
system that will be used for a Mars mission. This roadmap will help co-
ordinate the inclusion of exploration systems and components from the
different international partners. The ISS program should provide timely
notice of the year this simulation will be implemented on the ISS so that
ground analog studies can be completed and all agencies can align in
their hardware development and testing approaches.

3.4. Lower body negative pressure (LBNP) countermeasure analog

This use case will implement an LBNP [48] for individual crewmem-
bers as a countermeasure to the effects of exposure to microgravity.
Data from active research on LBNP conducted by NASA and IBMP has
not been shared broadly with international partners. The international
partners have requested this data so they can assess the value of this
countermeasure for mitigating the effects of long-duration exposure to
microgravity and the effects of gravity transitions, and as a possible
method of preventing SANS. To prepare for engaging more partners in
this work on the ISS, the international partners should assess the out-
comes of available LBNP ground and flight studies. The ISS program
should assign an international working group to define, select, and ex-
change information on countermeasure methods and procedures to ac-
celerate convergence on best practices as more information is obtained.

3.5. Postlanding surface fitness analog

This use case will assess how crews perform tasks shortly after they
land on the Mars surface after a long transit in a microgravity environ-
ment. The task will be performed with monitored autonomy and using
measures to mitigate the effects of microgravity on the sensorimotor
system before, during, and after spaceflight. The crew could self-
administer health and performance assessments and rehabilitation
measures. Simulated tasks and operations will include egress, EVA, and
manual control such as for telerobotics after return to gravity or to sim-
ulated Martian gravity. Consistent performance measures will be as-
sessed one to 60 hours after landing in the Boeing, SpaceX, or Soyuz ve-
hicles. Studies involving the NASA Commercial Crew Program must be
planned so they do not impact the current operation timeline agree-
ments zero to four hours after landing. Also, ground personnel could
provide support to the crew without “breaking” the simulation. Finally,
the entire crew must undergo testing of the simulated task around the
same time after landing, although individual crewmembers may opt out
of the research.

To prepare for this ISS-based simulation, researchers and planners
must identify Mars-relevant tasks and countermeasures, and develop
these new post-landing procedures in coordination with the ISS Pro-
gram, the Commercial Crew Program, and the vehicle providers. The
international partners should develop an integrated plan that balances
research data collection needs and health monitoring activities after
flight, with post-landing plans and data measures coordinated between
the Russian and American landings. Additionally, they should develop
an integrated ground and flight campaign to develop countermeasures
for spaceflight-induced sensorimotor deficits that include (1) testing
on-orbit training techniques and their efficacy for protecting the crew

2 Examples of the current highest-fidelity ground analogs include the Human
Research Analog (HERA), Crew Health and Performance Exploration Analogs
(CHAPEA), Nazemnyy Eksperimental’'nyy Kompleks (NEK), and:envihab.
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after they land on a planetary surface, (2) testing crewmembers after
landing to determine how to improve rehabilitation measures because
performing tasks unaided on the Mars surface after a long transit in a
microgravity environment will be more challenging than performing
tasks with the assistance of ground personnel after a ISS mission, and
(3) evaluating whether data gathered from crewmembers of shorter du-
ration missions can be extrapolated to evaluate the effects of longer-
duration missions, thus increasing the number of subjects who can be
assessed. Ultimately, this use case will extend the knowledge gained
from the “Field Test” studies of crewmembers’ sensorimotor perfor-
mance after Soyuz landings [39] to include new observations and tests
of new countermeasures.

4. Perspectives of stakeholders

The workshop participants discussed a diversity of ISS-based Mars
transit simulations that varied in duration, type, and purpose (section
2). It is possible that some of the use cases could be misunderstood as
they move toward implementation, even if, as recommended in this re-
port (section 3), a phased-in approach is implemented using shorter du-
rations and moderate interventions first. During the final set of work-
shop sessions, the participants focused on concerns that might be asso-
ciated with simulations of isolation and confinement and gravity transi-
tions. Astronauts, flight operators (mission operations and test conduc-
tors), senior managers, and representatives of the user community pro-
vided their perspectives regarding the challenges of implementing
these studies and identified possible opportunities. This activity raised
several concerns regarding use of the ISS as an analog of Mars missions.
Because ISS operations and use cases will be performed concurrently,
the identified concerns have cross-scenario relevance. The five key con-
cerns identified by the workshop participants are described below
along with their suggestions to mitigate these concerns.

Concern 1—Safety of the crew. Maintaining the crews’ safety during
simulations of the isolation during a Mars mission is a major concern,
and it will also be critical to protect the crew during the flight and the
post-landing simulations. The crew should wear devices to monitor
specific health parameters, such as heart rate, blood pressure, and calo-
ries burned. Protocols and ground rules for stopping the study should
be in place. In addition, the crew should have one flight surgeon avail-
able to them in case of an emergency. The crew should be highly
trained to deal with medical issues, as they would be during a trip to
Mars. In the absence of direct flight surgeon support, the crew should
be sufficiently fit to cope with landing and to perform surface activities
on the first few days after landing.

Concern 2—Infrastructure and fidelity trade off. This concern is associ-
ated with knowing and verifying the level of fidelity of an ISS-based
Mars simulation compared to an actual Mars activity. It is logistically
challenging to isolate some of the crewmembers on the ISS (e.g. sepa-
rate quarters, separate workload), and this type of isolation may not re-
flect the isolation conditions on a Mars mission. If some of the ISS
crewmembers are separated from the others this could create issues
over time because they don’t have access to all the amenities of the ISS.
Therefore, a separate module on the ISS may be required to conduct
these isolation studies.

In addition, because the actions the crew will have to perform dur-
ing an actual Mars mission are not yet established, simulations on the
ISS may not match the final requirements. Also, details of what the
crew will have to do on the Mars surface, such as while they exit the
spacecraft and drive a crew vehicle, are still unknown. Thus simulated
training and preparations for these activities may not have the correct
fidelity. To counter some of the fidelity concerns, a core end-to-end sim-
ulation package will be needed. Well-defined experiments with the
proper justification for the protocols will also be necessary. All the ISS
partners should approve the protocol, and the crew must be completely
informed and willing to participate in the simulation.

Reviews in Human Space Exploration xxx (xxxx) 100047

Concern 3—Social concerns. Because communication delays will be
longer during a Mars mission than during an ISS mission, family mem-
bers may find it more difficult to be isolated from the crewmembers,
which will induce stress for the family as well as for the crewmember.
Protocols should be established to treat anticipated psychological is-
sues that arise from delayed-communication-induced isolation. In addi-
tion, increased emotional support should be provided to the families.
Short tests can be used initially to evaluate whether the simulation
helps develop support for both the crewmembers and their families in
support of future Mars missions, and to improve subsequent simulation
approaches.

Concern 4—How to keep the crew motivated? Keeping the crewmem-
bers of simulated Mars missions motivated and busy doing real work
that they know corresponds to activities that will occur during a real
Mars mission will be challenging. The simulation planners must deter-
mine which Mars mission activities should be incorporated into the
simulation. Thus, the simulation planners should coordinate their ef-
forts with Mars mission operations planners.

Concern 5—Cost and time. The cost of simulation studies and
whether these studies would interfere with NASA’s strategic schedule
for crewed missions to Mars is a concern. The scientific and opera-
tional return on investment must be understood to justify the cost of
these simulations. However, it is paramount that simulations are con-
ducted on the ISS because integrated exposure to all five spaceflight
hazards during realistic mission operations cannot be simulated on the
ground. In many cases, software and operations that are developed for
an ISS-based Mars mission simulation will guide development of soft-
ware and operations necessary for future Mars missions. Thus, cost
and time spent on ISS4Mars simulations could also provide benefits
and cost savings for future development.

5. Discussion and recommendations

The ISS international partnership recently celebrated 20 years of
continuous operations. Those past 20 years of continued human pres-
ence on the ISS have set the stage for humankind’s future in space. The
ISS is now reaching its possibly last, but potentially golden, decade of
use with increased crew time, increased capabilities, and upgraded in-
frastructure. During the next decade of operations, the ISS will continue
to serve as the world’s leading laboratory for cutting-edge research and
technology development that will enable human and robotic explo-
ration of the Moon and Mars, advancing critical capabilities that will
take humans further into space and reducing the cost of human space-
flight.

It is critical that we learn from prior spaceflight experience and rec-
ognize the limits of that experience. A lot remains be to understood
about the physiological and performance effects induced by exposure to
spaceflight hazards such as radiation, altered gravity, and hostile envi-
ronments, as well as about the unique challenges in providing medical
support, human factors, and behavioral health support, which are all
critical to successful human exploration of deep space.

Crews travelling to Mars must be more self-reliant than the crews of
any other previous space mission, and spacecraft systems and opera-
tions will need to be more automated, efficient, and reliable to support
the health and safety of these crews. The key technologies and
processes that future crews of long-duration exploration mission will
need to live in a harsh environment with no possibilities for resupply
still need to be properly and systematically tested. The ISS is therefore a
critical platform for obtaining this required knowledge. Using the ISS as
a testbed for Moon and Mars operations will afford extrapolation and
translation of knowledge to space exploration systems and will identify
the technologies required for humans to explore deep space.

The participants of the ISS4Mars workshop suggested innovative
ways of using the ISS as a testbed and research analog for future deep
space exploration missions, and they identified a set of technically fea-
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sible use cases that enable sustainable, affordable, sound research that
will help maintain crewmembers’ health and performance during these
challenging missions. The participants of the ISS4Mars workshop also
identified some activities that have already begun that could be ex-
panded into an integrated set of ISS activities that will fill the knowl-
edge and capability gaps needed for exploration-class missions. Chang-
ing the way that research is conducted and technology is tested on the
ISS will increase Mars mission readiness. Testing concepts of opera-
tions, training, crew interfaces, and logistics on the ISS will provide an
opportunity to obtain operational knowledge in a relevant environment
without the added costs and risk associated with integrating new tech-
nologies and advanced systems into a completely new operational sys-
tem.

Implementing the use cases described in this report will require a
change to the current approach for using the ISS and may impact cur-
rent research, activities, and priorities of work conducted by all the ISS
partners. For instance, the use cases will affect crew time, upmass, and
downmass, which are already highly constrained, and the ISS partners
must be willing to use some of those precious resources for the ISS4-
Mars use case studies. Technical and structural feasibility of the use
cases will have to be assessed. If feasibility is confirmed, the ISS pro-
gram will have to adapt the current ISS planning, solve operational
challenges, and ensure crew safety. The ISS operations team and the
participating crewmembers must consider and accept the possibility of
increased risks for crew error or inefficiencies during increased crew
autonomy.

Finally, it will be challenging to adapt and shape the proposed ISS4-
Mars use cases and incorporate them into the overall ISS research plan-
ning. To effectively implement ISS-based Mars simulation activities
across the entire international partnership, the results and recommen-
dations of the ISS4Mars workshops have been handed over to the ISS
Multilateral Human Research Panel for Exploration (MHRPE). This
group coordinates multilateral human biomedical research on the ISS,
defines common rules and guidelines to achieve the common goals and
objectives of ISS biomedical research across the partnership, and coor-
dinates medical operations that apply to human research exploration.
The MHRPE will work collaboratively to assess the ISS4Mars use cases
and develop a set of clear scientific and operational objectives of added
value to exploration missions. They will then define scenarios to exe-
cute the use cases, while working closely with the ISS program and
other stakeholders (science and engineering, programs, mission opera-
tions, payload utilization management, transportation providers, crew,
safety, etc.) to confirm feasibility on the ISS platform, and they will
work with the ISS Program to resolve any concerns or conflicts with
other ISS research and operational activities. The MHRPE will guide
any required international research and technology developments that
support ground-based work, identify specific experimental protocols
that use specified standard operating procedures and measures or tech-
nologies, and will clarify data sharing plans.

It is understood that nothing can ever truly replicate the actual ex-
perience of a Mars mission, but mimicking as many different aspects of
the trip as possible will help prepare for these missions. Admittedly, the
risks crews will face during deep space travel are immense, but they are
not impossible to overcome. The ISS has a highly successful record of
operations that have paved the way for many new inventions and op-
portunities. The coordinators and participants in the ISS4Mars work-
shops hope that the ISS will have an even greater impact on space ex-
ploration by enabling travel beyond low Earth orbit.
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