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THESEUS: Towards Human Exploration of Space

— a European Strategy

Past space missions in low Earth orbit have demonstrated that human beings can survive and work in space
for long durations. However, there are pending technological, medical and psychological issues that must be
solved before adventuring into longer-duration space missions (e.g. protection against ionizing radiation,
psychological issues, behaviour and performance, prevention of bone loss, etc.). Furthermore, technological
breakthroughs, e.g. in life support systems and recycling technologies, are required to reduce the cost of future
expeditions to acceptable levels. Solving these issues will require scientific and technological breakthroughs in
clinical and industrial applications, many of which will have relevance to health issues on Earth as well.

Despite existing ESA and NASA studies or roadmaps, Europe still lacks a roadmap for human exploration of
space approved by the European scientific and industrial communities. The objective of THESEUS is to develop
an integrated life sciences research roadmap enabling European human space exploration in synergy with the
ESA strategy, taking advantage of the expertise available in Europe and identifying the potential of non-space
applications and dual research and development.

THESEUS Expert Groupsw

The basis of this activity is the coordination of 14 disciplinary Expert Groups (EGs) composed of key European
and international experts in their field. Particular attention has been given to ensure that complementary ex-
pertise is gathered in the EGs.

EGs are clustered according to their focus:

Cluster 1: Integrated Systems Physiology Cluster 3: Space Radiation

Bone and muscle Radiation effects on humans

Heart, lungs and kidneys Radiation dosimetry

Immunology

Neurophysiology Cluster 4: Habitat Management

Nutrition and metabolism Microbiological quality control of the indoor
environment in space

Cluster 2: Psychology and Human-machine Life support: management and regeneration of air,

Systems water and food

Group/team processes

Human/machine interface Cluster 5: Health Care

Skill maintenance Space medicine

Medication in space

Identification of Research Priorities and Development of the THESEUS Roadmap

Each Expert Group based their work on brainstorming sessions dedicated to identifying key issues in their
specific field of knowledge. Key issues can be defined as disciplinary topics representing challenges for human
space exploration, requiring further attention in the future. These key issues were addressed to the scientific
community through an online consultation; comments and inputs received were used to refine them, to consi-
der knowledge gaps and research needs associated to them, as well as to suggest potential investigations.

The outcomes and main findings of the ‘Integrated Systems Physiology’ EGs have been synthesised into this
report and further integrated to create the THESEUS roadmap.
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Integrated Systems Physiology

Introduction B

The next phase of bioastronautics and human
spaceflight

Human bioastronautics programmes have grown
from the culmination of 50 years of human spaceflight
experience, including both short- and long-duration
missions on a variety of platforms. Medical and
physiological findings from these missions have
demonstrated that spaceflight has a dramatic impact
on almost all physiological systems including muscle
atrophy, bone demineralisation, cardiovascular and
metabolic dysfunctions, impaired cognitive processes
and reduced immunological competence, and
nutrition/metabolism. These adaptive responses lead
toaphysiologicalde-conditioninginspaceandhavethe
potential to affect crew health and performance both
in space and upon return to Earth. In many instances,
countermeasures have been implemented to mitigate
some of the maladaptive changes associated with
space flight, including drugs, nutritional supplements
and physical exercise on various workout devices.
Although no countermeasures are able to fully
mitigate the negative effects of space flight, several
have proven to be very effective, allowing crew to live
and work nominally on-orbit.

Undoubtedly, significant knowledge has been
accumulated on the physiological changes associated
with the adaptation of humans to short-term
space flights. Europe scientists have contributed
largely to this knowledge database and acquired
undisputable expertise in basic space physiology
and countermeasures through both spaceflight
experiments and a strong and complete bed rest
programme.

Human spaceflight is currently entering the next
phase of space exploration towards the Moon and
Mars, and with such ambitious goals come inherent
medical challenges. Knowledge regarding human
(mal)adaptation to microgravity is limited to that
obtained during 6-month missions, with majority
of information lying on short-term physiological
changes. Therefore, the primary focuses of the next
phase of bioastronautics research will be to further
expand knowledge on the effects of long-duration
space flight on crew health and performance, to
further develop efficient countermeasures and to

facilitate post-flight readaptation to the terrestrial
environment. Such basic and upstream research
is clearly a pre-requisite for long-term spaceflight,
interplanetary travel and living on planetary surfaces.
This objective is far from trivial and priorities have yet
to be defined.

Although space medicine has been practiced for more
than half a century, it is quite nascent relative to the
physiological and clinical knowledge and capability
required for long-term space missions. For example,
a significant challenge in the evolution of space
medicine will be to determine how the physiological
adaptation to space may alter the physiopathology
of disease or the manifestation of illness and injury
in space. Answers can be found by reviewing the
clinical experience of flight physicians who treated
diseases in space, but the strongest approach is to
create an integrated model of the physiopathological
adaptation of multiple organ systems to microgravity.
The exploration of space requires a systematic
understanding of human body, from the molecular
to integrated systems levels, as it responds to the
unfamiliar environment of space and microgravity.

Towards a necessary integrated physiology approach

This new integrated physiology approach is
undoubtedly necessary for future bioastronautics
research. Even though it has long been recognised as
an essential scientific approach, for decades research
has been conducted on individual body systems (e.g.
muscle, bone, cardiovascular system, and nutrition
researched independently). The limits of such an
approach are easily seen through the incomplete
success of current countermeasure programmes in
which scientists focus on specific organ systems and
symptoms in a piecemeal fashion, rather than using
a whole body approach. For example, the dual effect
of amino acid supplementation which was positive on
muscle mass but negative on bone, demonstrates why
a holistic approach to space adaptation is absolutely
essential to support future space exploration.

The transition of space research from independent
physiological systems to a more rigorous, integrated
approach requires a clear, focused, competitive
research strategy for solving targeted risk areas of

Integrated Systems Physiology



Figure 1: Changes of various body systems
during adaptation to microgravity (Credit:
NASA)

Integrated Systems Physiology

human health and performance in space. Reaching these
goals will not only provide the basis for critical, high quality
health care for crews on-orbit but also result in a wealth of
physiological data. Examination of this data will certainly yield
solutions for significant medical challenges for long-duration
space flight and exploration. The data will also provide the
basis for well-conceived and evidence-based countermeasures
to deal with critical areas of concern including radiation
exposure, immunology, mineral metabolism, protein
synthesis, chronobiology, cardiology, and food and nutrition
in space, for both micro and low gravity.

Considerations of the physiological effects of Lunar and
Martian gravity

Another essential research topic that must be considered to
enable future planetary exploration is human adaptation not
only to weightlessness, but also reduced gravity. The biological
effects of long-duration exposure to reduced gravity levels
that will be experienced during stays on the Moon (0.16 g) and
Mars (0.38 g) are completely unknown. It seems unlikely that
the countermeasures developed on-board the International
Space Station (ISS) will adequately protect crews on a journey
toMarsand back overa 30-month period, or prevent the effects
of a long-duration exposure to reduced gravity on the Moon
or Mars. There is therefore a need to obtain basic knowledge
on physiological adaptations to reduced gravity levels. Also,
new insights could then be used in designing an “integrated
countermeasure” for preventing the detrimental effects of
weightlessness and/or reduced gravity on the physiological
systems of the human body.

The overlooked ground-based applications of bioastronautics

Lastly, it is essential that ground-based applications of
bioastronautics are utilised to their fullest potential and
communication between researchers is enhanced. For
decades, clinicians and physiologists performing research
in space have done so separately, unaware of the likely
possibility of having very similar research questions and goals.
One example includes researchers on aging and chronic
diseases, searching for environmental factors that fuel the
pandemic of chronic diseases. Although sedentary lifestyle
has been highlighted for decades as one of the main factors
triggering the development of current chronic diseases such
as obesity, insulin resistance, hypertension, muscle disuse, and
bone demineralisation, the physiology of physical inactivity
has received little attention. Clearly, the causal relationships
between sedentary behaviours and the aforementioned
diseases are essentially based on epidemiological studies or
on the indirect beneficial effects of exercise training. None
of these studies provide evidence to support a cause-and-
effect relationship, but they indirectly suggest that sedentary
behaviours and poor nutrition are the second leading cause



of death in the USA, right after tobacco, and are major
contributors to diseases associated with aging.

Likewise, certain physiological adaptations to
microgravity stem from an adaptation to physical
inactivity, which is exceedingly well simulated in
ground-based bed rest analogues. In addition to space
medicine related questions, bed rest studies are able
to provide unique models to investigate mechanisms
by which physical inactivity leads to the development
of current societal chronic diseases, and also to test
the efficacy of countermeasure programmes in
preventing the development of these diseases. More
importantly, because bed rest studies are conducted
in healthy subjects that will recover, new therapeutic
avenues can be explored.

Finally, the adaptation to reduced loading of the
musculo-skeletal system is a major aspect of aging,
as well as an adaptation to the space environment.
With the new evolving era of proteomics, genomics,
researchers can now investigate and try to understand
why and how mechanical loading mediates some
physiological and biological processes towards
“unhealthy” behaviours.

Cluster and expert group objectives

The priorities of research necessary to support future
space exploration beyond low Earth orbit present
a unique set of issues whose solutions demand an
in-depth understanding of whole body integrated
physiology and cross-disciplinary work between life
scientists, engineers and technologists. The objective
of this expert group was to gather interdisciplinary
European expertise and create synergies, allowing for
an integrated physiology system based on identified
research priorities. Due to the necessary holistic
approach, those research programmes obviously
required the involvement of scientists whose expertise
is disseminated across Europe.

The specific objectives include:

1. To delineate the priorities of high quality research
in physiology needed to support the next phase
of space exploration.

2. To define these priorities on a new integrated
approach of the deconditioning syndrome based
onwhichanewgenerationofcountermeasuresare
to be tested in the context of Mars exploration.

3. To better utilise the results of space physiology
research and ground-based analogues to
strengthen knowledge on the role of sedentary
behaviours in the development of current societal
chronic diseases.

The following sections present the conclusions of
two expert workshops dedicated to the integrated
physiology priorities for space exploration, conducted
in 2010. The workshops were organised in splinter
sessions, focusing on the main physiological functions
to regroup expertise and draw a clear picture of the
key questions to address, the latest developments,
gaps to fill, and the Earth-based applications. Those
splinter sessions were intertwined with plenary
discussion to delineate the foreseen interactions
between physiological functions that will require
investigations.

Integrated Systems Physiology
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Bones and Muscles
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2.1. Relevance of Research on Bones and Muscles h

2.1.1. Relevance for space exploration missions

The musculoskeletal systemis central to work, locomo-
tion, and posture. Maintaining its integrity is essential
to mission completion as well as to astronaut health
during and after the mission and over the lifespan of
former fliers. One of the principal obstacles facing the
design and implementation of long-duration explora-
tion class missions is the fact that, without counter-
measures, all components of the musculoskeletal sys-
tem adapt to the microgravity environment, and also
incur damage to tissue structure and function due to
radiation exposure. Notably, bone mass and strength
are lost (1). Muscle mass is lost and morphology is al-
tered, with a loss of muscle strength and endurance
(2). Tendon elasticity declines, reducing the power
transmission of muscle contractions. Inter-vertebral
discs elongate, causing potentially debilitating back
pain. Also, many astronauts and cosmonauts have
made multiple flights, further challenging the integ-
rity of the musculoskeletal system.

During an exploration mission, astronauts will have
endure a long-duration spaceflight in weightless-
ness, then adapt to live and work in partial gravity,
undergo another long-duration spaceflight, and then
finally return to a 1-g environment. In order to func-
tion properly, the astronaut’s musculoskeletal system
must adapt to each gravitational change. Operating
in a gravitational field with a musculoskeletal system
adapted to microgravity would result in impairment
of performance due to reduced strength and endur-
ance, increased risk of falling and increased risk of
bone fractures. Also, the process of re-adaptation
itself may increase risk of injury as different muscu-
loskeletal components may recover at different rates.
Thus, to diminish the impairment of performance and
risk of injury, it is essential to develop countermeas-
ures that maintain muscle strength and endurance,
bone mass, and postural balance throughout the
mission. Such countermeasures must be properly de-
signed in order to meet their physiologic goals, to be
carried out without an excessive burden of crew time,
and to avoid injury or illness associated with their use.

Bones and Muscles

The knowledge required to develop effective coun-
termeasures will derive both from experience in low
earth orbit spaceflights of relatively short durations
(<6 month) and from extensive ground based stud-
ies involving human bed rest models and mechanistic
animal studies.

While maintaining the integrity of the musculoskel-
etal system is central to crew health and function, it is
also important to consider the interaction of the mus-
culoskeletal system with other physiologic systems.
In order to maximise the large investments made
by NASA and ESA in developing and flying exercise
hardware, exercise protocols should be modified to
also maximise known positive impacts on cognition,
behaviour, and immune function, which have been
established in ground based studies.

In conclusion, maintaining the integrity of the mus-
culoskeletal system is of high importance due to the
known deleterious effects of the spaceflight environ-
ment on injury risk and performance, and due to the
potential benefits of exercise in increasing crew health
in other physiologic areas.

2.1.2. Earth benefits and applications

Understanding the effects of spaceflight on the mus-
culoskeletal system entails both studies and counter-
measures that are directly relevant to Earth popula-
tions, such as the elderly, subjects with muscle wast-
ing syndromes, or those in prolonged enforced bed
rest. The strongest translational potential of muscu-
loskeletal research in the spaceflight context involves
the study of age-related osteoporosis and sarcopenia.
Although aging and spaceflight may involve changes
in morphology and function by fundamentally differ-
ent cellular and molecular pathways, they share the
common feature of adaptation to changing levels of
strain (3). Thus, studying musculoskeletal system ad-
aptation from microgravity to partial or 1g parallels
the adaptation needed to function in the context of
age-related atrophy of bone and muscle tissue. Fur-
ther, the types of countermeasures required to main-



Figure 2: ESA astronaut Frank De Winne

equipped with a bungee harness, exercising on
a treadmill on the ISS (Credit: ESA/NASA)

tain function in altered gravity environments must take
into account preservation of muscle strength, endurance,
bone strength and postural balance. Similar approaches
are relevant to the prevention of falls and fractures in eld-
erly subjects.

Translational potential also exists for technologies such as
imaging techniques used to monitor musculoskeletal sta-
tus in space. The use of unloading analogues in ground-
based research is relevant to patient populations that are
subject to prolonged disuse. Bed rest studies allow us to
separate the effect of disuse from those associated with
co-morbidities, both in the context of fracture healing and
in atrophy due to prolonged hospital stays. In summary,
research into the musculoskeletal effects of long-duration
spaceflight is rich in translational potential in both elderly
and other populations affected by disuse atrophy.

2.2. Bones and Muscles - Key Issues

Eight key issues were identified which are relevant to un-
derstand the changes in, and to maintaining the health of
the musculoskeletal system during spaceflight in order to
provide a framework for planning future research. For each
identified key issue, the latest developments, knowledge
gaps and research needs, proposed investigations and
recommendations, as well as trans-disciplinary aspects are
presented.

2.2.1. Key issue 1: Sex-based differences in the preserva-
tion of musculoskeletal tissue during space flight

Brief review of latest developments

Some recent case-study reports of individual male and
female astronauts who have spent ~6 months on the ISS
have led to the intriguing observation that women, in gen-
eral, better preserve their musculoskeletal tissues during
missions compared to men (4). However, there are many
unanswered questions regarding these observations in-
cluding medication use (including estrogen), pre-flight
BMDs, exercise countermeasure profiles, etc.

Knowledge gaps and research needs

e While recent bed rest studies involving women have
shed new light on the response of women to un-
loading and inactivity (5-8), there is still much to be
learned.

e ltiscritical to identify the mechanisms for the different

Bones and Muscles
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Figure 3: There are questions regarding sex-

based differences in physiological responses to

microgravity (Credit: NASA)

Bones and Muscles

patterns of musculoskeletal deconditioning that have
been observed in women compared to men.

To date, most women on long-duration missions have
inhibited their menstrual cycles through pharmaco-
logical intervention. However, this may not be a safe
practice for missions to Mars, for example, which may
last up to 3-years, and research into this issue is need-
ed.

The effects of space radiation in the presence of estro-
gen are unknown and require further investigation.

Proposed investigations and recommendations

There is an urgent need for bed rest studies in which
men and women are exposed to exactly the same
conditions and countermeasures during the period of
confinement. Itis possible that data from control sub-
jects at NASA's Flight Analog Research Unit in Galves-
ton, TX may already have some appropriate data that
could be mined. Similarly, side-by-side animal studies
using male and female animals need to be conducted
in order to explore sex-based differences at the level
of cellular and molecular kinetics. The response of fe-
males to simulated and actual unloading in relation to
menstrual cycles needs to be studied.

The design of exercise-countermeasure equipment
must take differing body dimensions of men and
women crewmembers into account. Such equipment
must be designed to be adjustable so that women can
exercise over a full range of loads and motions without
undue hardship.

Trans-disciplinary aspects

Links must be made with the endocrinology research
community for joint work on the hormonal basis for
sex-differences in response to altered gravity. Also of
interest is the central nervous system regulation of
bone and an examination of the role of estrogen and
the hypothalamic-pituitary-adrenal axis in homeosta-
sis of the musculoskeletal system.

Radiation effects on bone and muscle may also exhibit
sex-based differences and these should be examined
in collaboration with radiation biologists.

Sex-based differences in nutrition and micro-nutrition
interaction and their influence on the musculoskeletal
system also need to be studied.



2.2.2, Effects of micro-gravity on musculoskeletal
injuries and healing processes (ligaments and ten-
dons, bone fracture, back pain)

Brief review of latest developments

Information from spaceflight studies on fracture
healing may prove to be a useful guide to studies of
fracture healing in subjects during extended bed rest
and those with bone loss due to disuse atrophy. Since
Fibroblasts, muscle cells, and extracellular matrix are
sensitive to alterations in gravitational forces (9, 10).
Sporadic pieces of data from space-flown rats have
shown that the repair process of load-bearing bone
and skeletal muscle may be hindered during acute
exposure to microgravity (11, 12). Furthermore, since
many subjects in bed rest studies experience back
pain, results on the management of this condition
may be useful to evaluate the effect of deconditioning
on back pain in a hospital-based population without
the confounders associated with examining decondi-
tioning in sick patients. Information from Earth-based
studies should inform experiments on the healing of
ligaments and tendon since unloading is a common
form of treatment on earth.

Ligaments and tendons

e Thereis recent evidence that collagen fibre orien-
tation in tendons may be altered by microgravity
(13, 14). If verified, this may have important im-
plications for recovery of soft tissues from long-
duration spaceflight.

e Thereis data to support that unloading of the rat
hind-limbs for 3 or 7 weeks inhibits dense fibrous
connective tissue wound healing processes (15,
16), suggesting that minimal mechano-transduc-
tion may be useful for connective tissue repair.

e Thereis evidence of injury to soft tissues in a bed
rest study which included the level of aggres-
sive resistance exercise that may be necessary to
maintain bone and muscle during long-duration
missions.

e A high rate of injury has been observed in high-
intensity exercise in the elderly. Since it is often
said that spaceflight mimics aging, this may be a
cautionary observation that is relevant to long-
duration spaceflight.

e Arecent literature review of shoulder injuries at-
tributed to resistance training (17) has indicated
that predictors of soft tissue injury remain un-
known and cited the need for further research in
this area.

Bone fracture

e Studies using the hind-limb suspension (HLS)
model of unloading have revealed a contradic-
tory finding for fracture healing in the rat tibial
and femur. Whereas the tibial HLS model shows
impaired healing, such was not the case in the
femoral HLS model. These changes need to be
replicated and explained.

e There are indications that HLS affects angiogen-
esis and vascularity (18, 19). These findings needs
need to be further examined in relation to the va-
lidity of the HLS model for weightlessness.

e A 2002 study (20) reported that skeletal unload-
ing increases adipocyte differentiation concomi-
tantly with inhibition of osteoblast differentia-
tion. Thus, bone marrow becomes more fatty in
unloading. Prolonged exposure to microgravity
may potentially lead to profound alteration of
skeletal metabolism, perhaps including reduced
osteogenic response to exercise.

e There is some evidence that immune compro-
mise and bacterial virulence increases in the
spaceflight environment (21). This may be rel-
evant to soft-tissue infection after injury during
spaceflight.

Back pain

e Lower and upper back pain is highly prevalent in
returning crew members.

e Recovery from back pain shows persistence of
pain without clear evidence of morphologic
change

e There are indications that core muscles show
poor recovery after bed rest

Knowledge gaps and research needs
Ligaments and tendons

e There is a lack of information in general about
the effects of altered gravity on ligaments and
tendons. These tissues have been somewhat ig-
nored in favour of studies of bone and muscle.

Bones and Muscles
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e The enthesis is a common source of problems in
sports and orthopedic medicine (22). However,
information on the response of the enthesis (22)
to altered gravity is absent from the literature.

e Whatis the effect of particular exercise activity on
tendons and ligaments?

e What are the predictors of injury to tendons and
ligaments?

e Rotator cuff injuries are common in astronauts
during training and flight (23).

Bone fracture

e The contradictory results in fracture healing of
the femur and tibia in hind-limb unloaded ani-
mals needs to be explained.

e Medical management procedures for in-flight
fractures need to be elucidated and standard-
ised.

Back pain

e The mechanisms of spaceflight-related back pain
need to be elucidated.

Proposed investigations and recommendations
Ligaments and tendons

e There is a need for a comprehensive critical re-
view of the literature in the areas of ligament and
tendon in spaceflight. Ideally, this could lead to
an identification of the key risk factors for injury.

e Little is known about enthesis during space flight
and animal studies to address this issue are need-
ed.

* It would be beneficial to consider the effects of
specific countermeasure exercises in key soft tis-
sue structures that are at risk of injury.

e Research which will safeguard the integrity of the
shoulder in space is urgent.

Bone fracture
e Experiments with rodents in which fractures are
induced immediately prior to flight would be in-

structive.
* The above experiments would be complemented

Bones and Muscles

by the induction of fractures while in space.

¢ Thereisaneed to model of different types of frac-
ture fixation. The conventional models (such as
the classical Einhorn model (24)) are not relevant
to human fractures because they require an in-
tramedullary rod, which would not be a feasible
treatment in space.

¢ There are opportunities to use animal models to
simulate telemedicine and autonomous medical
management. These opportunities should be ex-
ploited as a complement to human studies.

e Currently, it appears that ultrasound is likely to be
the major form of medical imaging that will be
available in space. Research needs to be focused
on the diagnostic and therapeutic use of ultra-
sonic techniques.

Back pain

¢ Animal models of conditions leading to back pain
need to be developed in order to understand eti-
ologic factors and to test interventions.

¢ In human studies, there is a need to do more cor-
relative studies between activity, exercise, spine
morphology, etc. to gain insight into predictors
of back pain.

¢ Thereis a need for detailed studies of the various
tissue compartments (muscles, discs, ligaments,
etc.) whose changes are associated with back
pain.

¢ A more thorough understanding of the mecha-
nisms of lower back pain in micro/partial gravity
needs to be developed.

Trans-disciplinary aspects
Ligaments and tendons

e Boneandmusclehavebeenconsideredasseparate
rather than interdependent tissues for much too
long in spaceflight research, and the anatomical
junction between muscle and bone (the enthesis)
is an excellent metaphor for their close relation-
ship. The gap in knowledge regarding changes
in this junction with unloading needs to be filled.



Bone fracture

e Information is emerging regarding changes in
the vascularisation of bone during fracture heal-
ing in the setting of unloading (25). Collaboration
with vascular physiologists would be beneficial
as these studies move forward.

e Anyimpairment of immune function could delay
fracture healing and this area needs to be ex-
plored with collaborative research.

e [f the spaceflight environment (microgravity and
radiation) alters hematopoiesis, this may affect
the process of fracture healing, as osteoclast pre-
cursors derive from the hematopoietic lineage.

* Interaction of the spaceflight environment with
mesenchymal stem cells may affect the number
and function of osteoblastic cells involved in frac-
ture healing.

Back pain

e Back pain has the potential to affect crew per-
formance and crew-crew interactions. These ef-
fects should be studied with physiotherapists and
psychologists with the aim of devising strategies
to minimise mission impact in the event of acute
in-flight episodes of back pain.

e Pain affects sleep duration and quality, and re-
search is needed to examine ways of attenuating
the effects of acute in-flight episodes of back pain
on sleep.

e Back pain has other cascading effects on the
nervous system and these effects require further
elucidation.

e Exercise compliance in the presence of back pain
is likely to be poor and this could lead to an overall
deterioration in the crew member’s health. Alter-
native exercise prescriptions need to be devised
so that crew members can exercise despite acute
in-flight episodes of back pain. Emphasis may be
given on the acquisition by the crew of a biome-
chanically sound exercising technique when us-
ing exercise apparatuses, an element that may
have been underestimated as a potential factor
merely responsible for initiating lower back pain.

2.2.3. Key issue 3: Role of genetics in musculoskel-
etal performance, preposition to injury and overall
adaptation to micro-gravity

Brief review of latest developments

¢ Genome-wide association studies have identified
specific genes associated with performance and
fracture in epidemiologic studies.

¢ Animal models show differences in muscle and
bone phenotypes based on genetic variation

Knowledge gaps and research needs

e At present, there is a dearth of integrated knowl-
edge in this area that can be directly applied at
the human level to activities such as crew mem-
ber selection with flight-based genetic profiling.

e Experimentation on the wide variety of genetical-
ly modified animals has, to date, been confined to
1-g studies.

Proposed investigations and recommendations

¢ Detailed family histories of musculoskeletal dis-
eases, including the incidence of osteoporosis
and fractures, should be collected on all crew
members and these data should be compared
with pre- and post-flight measurements of mus-
culoskeletal status.

e Better animal facilities are urgently needed on
the ISS and animal studies with genetically modi-
fied rodents should focus on animals that have
shown resistance to the loss of musculoskeletal
during 1-g based models of unloading.

Trans-disciplinary aspects

There is vast potential for overlap in the study of ge-
netic predisposition to changes in the musculoskel-
etal system during spaceflight with all other areas of
health and performance. Work in this area should al-
ways be multidisciplinary.

Bones and Muscles
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2.2.4. Key issue 4: Biomechanics and impact of par-
tial gravity on the musculoskeletal system

Brief review of latest developments

e Recent lunar simulations have indicated that
ground reaction forces under simulated EVA load
conditions are low and unlikely to be osteopro-
tective.

e Suspension simulations of reduced gravity loco-
motor activities are now more readily available.

Knowledge gaps and research needs

e Biomechanical modelling techniques have been
underutilised for the estimation of whether or
not various loading scenarios are likely to be os-
teoprotective in partial gravity.

* Lunarexploration through the Apollo programme
showed that preferred gaits on the moon were
different from those on earth. Preferred gaits on
Mars are not known.

* Insight is needed regarding how altered patterns
of locomotion in partial-g scenarios may lead to
increased risk of injury.

e The kinematics and kinetics of simulated con-
struction, exploration, and EVA activities are not
well-known.

e Comprehensive simulations of work tasks in par-
tial gravity should be conducted to aid in the as-
sessment of fitness for duty after prolonged ex-
posure to partial gravity and to assess the risk of
injury.

Proposed investigations and recommendations

*  Acceleration Monitoring Units (AMUs) should be
added to spacesuits and space footwear in order
to monitor motion during actual and simulated
activity.

e  Ground-based suspension models offer consider-
able possibility for simulation of locomotor and
other activities (such as jumping, work tasks, etc.)
and these approaches should be exploited.

*  Musculoskeletal modelling techniques ought
to be refined to generate validated loading esti-
mates of structures that are at risk for bone loss
(such as the proximal femur).

Bones and Muscles

¢ Simulation of altered gait patterns in partial grav-
ity that might lead to injury should be conducted.

¢ Biomechanical analysis of work tasks in partial
gravity needs to be conducted.

¢ Biomechanical information on preferred gaits
and task requirements is critical for the design of
spacesuits and footwear for EVA.

Trans-disciplinary aspects

e (Coordinated movements require sensorimotor
integration which may be altered by prolonged
exposure to altered gravity. Collaborative studies
with specialists in this area would be beneficial.

e Surface activity during Apollo EVAs indicated sig-
nificant metabolic demands and exploration of
the cardiovascular consequences of exploration
activities are warranted in conjunction with bio-
mechanical studies.

2.2.5. Key issue 5: Effects of radiation exposure ex-
perienced during space flight on the musculoskel-
etal system

Brief review of latest developments

Recently published animal studies have shown that
exposure to heavy ions simulated galactic sources
of radiation induce rapid transient osteoclastic bone
resorption (26). Studies of cultured osteoblasts have
shown deleterious effects of radiation on osteoblast
proliferation and function (27). Other studies have ex-
amined the effects of drug and nutritional interven-
tions on musculoskeletal status (28, 29) in the simu-
lated space environment of hindlimb unloading and
radiation exposure.

Knowledge gaps and research needs

The full extent of the space radiation risk to bone is
not yet known, and the cellular and molecular path-
ways require continued delineation, although good
initial progress has been made. The effect of space
radiation on muscle function is also not yet under-
stood. Knowledge is lacking regarding the efficacy of
preventive or restorative therapies and the extent and
mechanisms underlying recovery of lost function.



Proposed investigations and recommendations

Definition of the risk posed by the space radiation en-
vironment on musculoskeletal tissues requires contin-
uation of current animal studies establishing cellular
and molecular pathways to bone loss, and extending
these studies to examine effects on muscle as well.
These mechanistic studies should involve different
radiation types, and examine effects in the context of
microgravity as simulated by the hindlimb unloading
model (30). These mechanistic studies should also de-
fine the ability of radiation damaged musculoskeletal
tissues to recover function, and further animal studies
should begin to assess the effect of countermeasure
approaches to radiation induced bone and muscle
loss, including anti-resorptive therapies for bone, and
anti-oxidants for bone and muscle.

Trans-disciplinary aspects

Understanding the effect on musculoskeletal tissues
and function of exposure to space radiation will re-
quire a multidisciplinary approach integrating infor-
mation from the central nervous (CNS), immune and
vascular systems, as well as the hematopoetic (27)
and mesenchymal niches in the bone marrow. Inves-
tigations of radiation effects should take into account
the CNS, as it is of primary interest as a target of space
radiation and is the source of input to skeletal muscle
as well as the recipient of sensory information. Recent
studies have also pointed to the role of the CNS in
regulating both the formation and resorption arms of
bone remodelling.

There is extensive literature on the immune response
to radiation exposure. Radiation exposure is also
known to affect angiogenesis, a key element of the
skeletal muscle and bone repair. Finally, radiation is
known to impact the progenitor cells of the mesen-
chymal and hematopoietic niche. Osteoblastic and
muscle satellite cells derive from the same lineage,
and osteoclasts derive from hematopoietic mono-
cytes. Thus space radiation exposure may affect the
reparative and remodelling functions of bone and
muscle tissue.

On Earth, the closest clinical analogy to space radia-
tion is clinical radiation therapy, which involves en-

tirely different doses and types of radiation. However,
information gained from mechanistic studies may
shed light on potential cellular and molecular path-
ways by which bone and muscle may be affected in
the clinical radiation therapy setting.

2.2.6. Key issue 6: Ground-based human studies

Ground-based human studies are relevant to all mis-
sion types, but are especially important for simulation
of long-duration exploration missions. These stud-
ies are required to overcome the main drawbacks
of space-based research, which generally have low
sample sizes and uncontrolled experimental condi-
tions. Human studies of sufficient sample size, with
carefully controlled conditions, are essential to obtain
pre-flight baselines and correctly evaluate the effec-
tiveness of various countermeasures. Such examina-
tions may eventually have to take place in one-year
missions to the ISS, as yearlong bed rest studies are
considered to be neither ethical nor practical.

Brief review of latest developments

Recent bed rest studies have demonstrated the abil-
ity of countermeasure approaches to attenuate dis-
use bone loss. These include high intensity resistance
exercise (31, 32), resistive vibration (33, 34), and also
pharmacologic interventions (alendronate and pa-
midronate) (8, 12, 35-37).

Knowledge gaps and research needs

Exercise protocols have not yet been optimised in
regards to time efficiency, and there is still relatively
little information about the molecular mechanisms
of the countermeasure action on bone and muscle
(38). For techniques such as vibration, it is still not
known if the effect derives from muscle contraction
or impact forces (39, 40). Although studies have dem-
onstrated positive effects of aerobic exercise on brain
and immune function on Earth populations, there
is little knowledge of these relationships in a space-
flight setting. With respect to pharmaceutical treat-
ment, there is a lack of information on dose-response
relationships and on synergies between exercise and
anti-resorptive treatment. Because of bisphospho-
nate side effects, there is a need to explore alternative
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Figure 4: Bed rest studies are frequently used as
spaceflight analogues for physiology research
(Credit: ESA/Vista S.T.l.)
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anti-resorptive treatments that are newly available, such as
denosumab.

Proposed investigations and recommendations

Continued research with larger sample sizes and control-
led conditions will be required to optimise exercise pro-
tocols for efficacy and time efficiency. Achieving this goal
will require further studies to elaborate the mechanisms
of countermeasure effectiveness in bone and muscle.
The amount of crew time required for exercise protocols,
and the expense devoted to design and placement of the
equipment justify efforts in determining the efficacy of ex-
ercise for protecting other physiologic systems from the
effects of spaceflight, such as brain (behaviour/cognition/
performance) and immune systems. For pharmacologic
interventions, dose response studies are required, and
new pharmaceuticals should eventually be tested, such
as denosumab, which may provide fewer side effects than
bisphophonates. Finally, there is a need to examine how
exercise and drug treatment can operate synergistically.

Trans-disciplinary aspects

Exercise is inherently multidisciplinary, integrating cardio-
vascular, skeletal-muscle and skeletal physiology. Future
investigations will require collaborations with neurophysi-
ologists and cognition/behaviour specialists as well as im-
mune and nutrition researchers.

Ground-based studies are highly translational in that they
can be used to model long-term bed rest without the con-
founding effects of comorbidities. Additionally, prolonged
bed rest is a useful clinical paradigm for the study of insulin
resistance.

2.2.7. Key issue 7: Ground-based animal studies

Although animal research with hindlimb unloading mod-
els has the limitation of imperfect mapping of animal mod-
els to humans and hindlimb unloading to microgravity,
ground-based animal studies continue to be a high prior-
ity. Ground-based animal studies are relevant to all mis-
sion types but are especially important for simulation of
long-duration exploration missions. These studies provide
mechanistic information that is otherwise impossible to
obtain in humans, notably the interaction of radiation with
disuse and the healing of fractures and wounds in general
in radiation and microgravity environments. Animal stud-



ies also offer the advantages of large sample sizes, as
well as the ability to carry out gender studies and ma-
nipulate estrogen status. Further, by use of transgenic
animals it is possible to understand the effect of ma-
nipulating key genes, as exemplified by the myostatin
knockout mouse (41).

Brief review of latest developments

Recent studies using rodent models and accelerator
facilities have discovered high bone loss and deterio-
ration of bone structure associated with exposure to
radiation fields simulating deep space. The high bone
loss has been attributed to a rapid transient activation
of osteoclasts. Other studies have yielded conflicting
results of fracture healing with hindlimb unloading,
with open tibial fractures demonstrating delayed
healing compared to loaded controls, but with femo-
ral fractures showing the opposite tendency. Other
developments have included preparation of new fa-
cilities for ISS, including the Italian Mouse Drawer, and
the ESA Mice in Space Facility.

Knowledge gaps and research needs

Conflicting results from hindlimb unloading models
point to the need to fly fractured animals in space to
derive conclusive information regarding micrograv-
ity and fracture healing. The discovery of powerful
space radiation effects on bone points to the need to
systematically explore radiation interaction with skel-
etal muscle. Animal studies are also needed to study
musculoskeletal effects of radiation and microgravity
induced alterations of neural function and vasculari-
sation/angiogenesis.

Proposed investigations and recommendations

Activation of the American animal facility is of high
priority for increasing sample sizes necessary for
mechanistic studies. Unfortunately, there are no cur-
rent plans to fly such a facility. High scientific priority
should be given to investigations of space radiation
and skeletal muscle, and in particular, to the interac-
tion of radiation with fracture healing and wound
healing in general.

Trans-disciplinary aspects

The studies described above involve interactions be-
tween multiple disciplines. These include interactions
between musculoskeletal sciences and radiobiology,
genetics, immunology, neural and vascular studies.

Animal studies in simulated microgravity provide
mechanistic information about disuse osteopenia
and sarcopenia, and allow for studies of genetic ma-
nipulations in these disease areas. They also allow for
mechanistic information about the interaction of dif-
ferent physiologic systems in these disease areas and
others.

2.2.8. Key issue 8: Optimise countermeasure ef-
ficiency and utilise an integrated physiology ap-
proach

Brief review of latest developments

Recent results indicate that exercise is effective for at-
tenuating muscle and bone loss in long-term bed rest
(5, 6, 8). Initial results from a bed rest study led by Cav-
anagh indicate that specific protocols tailored to each
subject that replace that subject’s 1g loading attenu-
ates bone loss. Amelioration of bone loss and muscle
atrophy has also been observed with similar results
observed for resistive vibration countermeasures (33,
42). It has been also demonstrated that mechanical
stimulation of the plantar foot surface attenuates
unloading-induced muscle atrophy both in humans
(43, 44) and rats (45, 46). Other advances include the
development of new multifunctional exercise devices
suited for exploration class spacecraft, as well as a
growing volume of data on subjects that exercised
with second generation treadmills and resistive ex-
ercise devices on the ISS. Treadmill countermeasure
exercise on the ISS has also been recently shown to
elicit less force under the feet than similar exercise on
earth, suggesting that restraining loads from the sub-
ject load devices (SLDs) are inadequate (47).

Knowledge gaps and research needs
While bed rest studies have indicated the value for re-
sistance and resistive vibration exercise in attenuation

of bone and muscle loss, there are significant gaps in
determining how such countermeasures should be
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Figure 5: NASA Astronaut Steve Lindsey using
the advanced Resistive Exercise Device (aRED),

providing high loads to weight-bearing bones
(Credit: NASA)

Bones and Muscles

applied, as well as the effectiveness of nutritional and phar-
macologic interventions with and without exercise. Infor-
mation is lacking on the efficacy of intermittent timing of
exercise bouts, on gender differences in exercise counter-
measure efficacy, as well as the efficacy of exercise for pro-
tecting other physiologic systems, such the immune sys-
tem and brain. Although a flight study of alendronate for
prevention of bone loss is underway, the information on
this and other bisphosphonates is incomplete, and there
will be an eventual need to investigate therapies such as
denosumab, which may offer anti-resorptive capability
without the gastrointestinal side effects of alendronate.
Lastly, there is a lack of information in spaceflight and bed
rest scenarios using a combination of countermeasure ap-
proaches, such as timed nutritional-exercise countermeas-
ures, combined exercise and anti-resorptive treatment, and
the use of anti-oxidants to combat both radiation and dis-
use.

Proposed investigations and recommendations

Exercise countermeasure efficacy should be evaluated in
side by side gender comparisons. Attention should also
be given to testing exercise approaches that combine re-
sistance exercises with balance and proprioception. Novel
analogue environments such as EnviHab should be utilised
to determine the protective effect of exercise on brain and
immune function when exercise is carried out in isolation
environments. Studies should be carried out that combine
nutritional and pharmacologic approaches with exercise to
determine if there are synergistic effects. Finally, exercise
studies in transgenic rodent models should be carried out
to better elucidate the mechanisms of exercise efficacy.

Trans-disciplinary aspects

Finding the optimal exercise protocol and/or the correct
combination of exercise and nutritional/pharmacologic
countermeasures will require a multidisciplinary approach,
integrating information from the musculoskeletal, sensori-
motor, neuro-behavioural, radiation biology and immunol-
ogy fields.

Countermeasure studies are highly relevant to health on
Earth in that they are developing countermeasures that ad-
dress both bone loss and muscle loss as well as balance/fall
risk, two factors that underlie the vast public health prob-
lem of fractures in the elderly.
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2.3. Conclusion

Overall, eight key issues have been identified in the
field of muscle and bone research in space, including
sex-based differences, musculoskeletal injury, genetic
predisposition, biomechanics, radiation, ground-
based human studies, ground-based animal studies,
and countermeasures.

Much still remains unknown about the response of
women to altered gravity. While this is not surprising
given that women crew members have represented
less than 20% of all astronauts to date, there is a com-
pelling need to address sex-based disparity in infor-
mation and research.

Injury to musculoskeletal tissues during spaceflight
has the potential to be mission-critical. Many situa-
tions can be envisaged in which crew members will
be unable to carry out important, and in some cases
life preserving, manoeuvres because of musculoskel-
etal injury. Bone fracture has, appropriately, been the
focus of most prior spaceflight injury research, but
even in this area much remains to be learned and con-
tradictory findings need to be explained. However,
injury to ligaments and tendons, which are very com-
mon in terrestrial workplace and sports settings, are
also likely to occur during long-duration spaceflight
in the future and very little research to data has ad-
dress mechanisms for healing in altered gravity. The
potential for varying rates of recovery of muscle, ten-
dons, ligaments, and bones from injury upon return to
Earth presents significant challenges to post-flight re-
habilitation. Back injuries have also proven to be one
of the most common complaints of returning crew
members to date, and it is critical that a better under-
standing of its etiology and treatment be achieved.

At some point in the future, it is likely that pre-flight
investigations will identify genetic predisposition for
bone and muscle loss in altered gravity and this may
become part of the selection matrix for potential crew
members. However, such methods are currently not
available and the focus of activity must remain on ani-
mal studies.

Biomechanical issues are also important for under-
standing a number of aspects of long-duration space-
flight. Locomotion during EVA on a surface with al

tered gravity has received some attention in the past
but much remains unknown, particularly on Mars
where no empirical evidence is available and few sim-
ulations have been conducted. Knowledge of typical
locomotive patterns is also important for the design
of habitats where increased vertical movement dur-
ing gait and enhanced vertical jumping ability will
require additional headroom. Biomechanical insights
into typical exploration work tasks are important for
task scheduling, suit design, and injury prevention.

The environment of deep space involves exposure
to galactic and solar radiations that are largely de-
flected by the Earth’s magnetic field. Recent studies
have indicated that exposure to this radiation may
play an important role in bone loss, however the ef-
fect on muscle is not yet known. Thus, a mechanistic
understanding of radiation-induced bone loss, based
on realistic simulations of the space environment, is
essential to understanding the magnitude of the risks
involved and to development of countermeasures.
While there is some evidence that radiation disrupts
muscle tissue at the fibre level, the state of knowl-
edge is much less advanced than it is for bone, and
development of the field is of high priority. This work
will be highly interdisciplinary and is likely to produce
knowledge that will be of value to the study of other
physiologic systems.

Continued investment in human bed rest and other
ground studies is essential due to the sample sizes
and controlled conditions available to obtain infor-
mation that can serve as a rational basis for selection
and optimisation of countermeasure (both in terms
of efficacy for protecting the musculoskeletal system,
and for determination and optimisation for protective
effects on other physiologic systems).

Expanded investment in ground-based animal stud-
ies is required to generate mechanistic information
to serve as the basis for the development of coun-
termeasures to microgravity and the radiation envi-
ronment of space. The ability to model radiation and
fracture healing effects are two key aspects of animal
studies that address major spaceflight risks, but which
cannot be ethically studied in humans. Further devel-
opment of flight-based animal facilities is essential
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for exploitation of the unique features animal models
can offer.

Lastly, the development of effective, time-efficient
and comprehensive musculoskeletal countermeas-
ures are essential to mission success, since integrity of
musculoskeletal tissues and function is indispensable
to optimal performance and injury avoidance on par-
tial gravity surfaces. This will inevitably be a long-term
effort and much work still needs to be done in order
to clarify sex-based differences and to test combina-
tion countermeasure approaches.

Bones and Muscles
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3.1. Relevance of Research on the Cardiovascular System, Lungs and Kidneys

3.1.1. Relevance for space exploration missions

Ensuring adequate cardiovascular health in the astro-
naut and cosmonaut population is a critical aspect of
long-duration space travel. Experience on the ISS has
shown that missions greater than 6 months in dura-
tion, even with substantial amounts of exercise, will
have significant effects and degradations in cardiovas-
cular function in the form of orthostatic intolerance
and a lower level of cardiac performance. In long-du-
ration exploration-class missions, (e.g. a 6 month lu-
nar stay or a visit to a near-Earth object) crew must be
able to function adequately in a hypo-gravity or zero
gravity environment, and then be able to return safely
to Earth. On a very long-duration mission, such as a
mission to Mars, crew members must be able to func-
tion on the Martian surface after long periods in zero
gravity, and then return to Earth after an even longer
zero gravity exposure. Several key areas remain un-
known or poorly defined to ensure the crew’s ability
to succeed in these missions at this time.

In such exploration class missions, crews will be ex-
posed to extraterrestrial dusts which will inevitably
be transported into the habitats, and these dusts are
thought to have a high potential of being toxic. These
fine dusts will be inhaled, and in the low gravity en-
vironment, will be transported deeper into the lung
where they will likely remain for extended periods of
time, which will likely enhance their toxicity.

Changes in blood chemistry brought about by space-
flight including blood volume reductions, potential
dietary effects, and increased calcium resulting from
bone demineralisation all have the potential to in-
crease the risk of developing kidney stones. With the
development of kidney stones come significant risks
to overall mission success and thus prevention is a
critical issue.

3.1.2. Earth benefits and applications
Heart disease is a leading cause of death in the ter-

restrial population. Space travel results in significant
and rapid degradation of cardiovascular performance
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in a healthy population (astronauts and cosmonauts),
providing the potential to understand the factors that
lead to cardiovascular disease here on Earth. Many
workers are exposed to dusty environments in the
workplace and particulate matter in the environment
is a known health risk to urban populations. Further,
many drugs are now delivered in aerosol form, and
so a comprehensive understanding of the deposition
and subsequent clearance of deposited particles is of
considerable importance in both areas. Developing a
more complete understanding of the role of diet and
other effects in the development of kidney stones
stands to improve the health and reduce the suffering
of a large percentage of the Earth population.

3.2. Cardiovascular, Lungs and Kidneys - Key Issues

The expert group on cardiovascular, kidneys and lung
functions delineated five key issues of importance for
future exploration.

The issues identified here all have the potential to se-
riously impair a successful exploration-class mission,
and to a lesser extent, spaceflight in low earth orbit.
They are considered high priority research targets by
the Expert Group.

3.2.1. Key issue 1: What are the in-flight alterations
in cardiac structure and function?

Relevance for space exploration missions

Cardiovascular deconditioning has always been ob-
served after spaceflight and ground simulations (bed
rest, water immersion). This poses a threat to astro-
nauts upon arrival to the Moon and Mars, and after
return to Earth.

Earth benefits and applications

Similar problems occur in patients after prolonged bed
rest due to trauma surgery and other conditions forc-
ing the patient to stay bedridden for extended periods
of time.



Figure 6: Lunar dust stuck to the astronaut’s
spacesuit will inevitably be transferred into the
space habitat (Credit: NASA)

Brief review of latest developments

The optimal countermeasure is yet to be defined but
planned developments include artificial gravity and vari-
ous exercise modes.

Knowledge gaps and research needs

The effects of prolonged space flight on myocardial mass,
intrinsic contractility, myocardial compliance and auto-
nomic neuro-regulation are currently unknown. Further,
the interaction with peripheral circulation is complex and
it is not known whether cardiac changes observed thus far
are primarily cardiac or are due to secondary to changes in
the peripheral circulation. [Also see following Key Issue].

Proposed investigations and recommendations

e Dynamic responses of cardiac function to exercise/
orthostatic tests simulating different phases of Moon
and Mars exploration missions.

¢ Bed rest simulations of relevant durations, and dry im-
mersion simulations (up to 2 weeks)

e Cardiac muscle structure by advanced echocardiogra-
phy.

¢ Simultaneous monitoring of 1) cardiac function (car-
diac output), 2) 24-h blood pressure, 3) sympathetic
nervous activity, 4) plasma concentrations of vasoac-
tive hormones (vasopressin, catecholamines, natriu-
retic peptides and renin-angiotensin-aldosterone).

e Monitoring of cardiovascular function during lower
body negative pressure and dynamic exercise.

e Develop tolerable 24h blood pressure monitoring.

As a justification for the more complex 24 h arterial blood
pressure recording, as compared to single-point measure-
ments, the latter are considered to be much less repre-
sentative for the state of the subject and can be subject to
emotional influences from the procedure itself (white coat
hypertension).

Trans-disciplinary aspects

e Thermoregulation changes in microgravity, and may
impact both metabolic and cardiovascular control.

e Radiation may interact with cardiovascular degrada-
tion/ repair processes.

¢ Mental stress and sleep disorders are likely to influ-
ence cardiovascular health.

Cardiovascular, Lungs and Kidneys
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3.2.2. Key issue 2: What is the influence of space-
flight on structure and function of blood vessels?

Relevance for space exploration missions

Orthostatic intolerance is frequently found after
spaceflight and bed rest simulations, and may be a
hazard to the astronaut and/or to other aspects of
mission success including activities on the surfaces of
Moon and Mars.

Earth benefits and applications

Orthostatic intolerance is frequently observed in pa-
tients after bed rest, during circumstances that re-
duce blood volume, and with the use of certain medi-
cations.

Brief review of latest developments

Orthostatic intolerance has a multifactorial causation
including reduced blood volume and attenuated con-
striction of resistance vessels. Recent results implicate
central-nervous processing and/or alpha adrenergic
receptor dysfunction in post-flight orthostatic intoler-
ance.

Knowledge gaps and research needs

e The effects of long-term weightlessness on the
structure of the arterial resistance vessels and to
what degree it counteracts the development of
hypertension is currently unknown.

e It is currently unknown why the paradox exists
that in space, sympathetic nervous activity is
augmented while the arterial resistance vessels
are dilated. This has implications for understand-
ing the role of gravity in the development of hy-
pertension.

e Currently, nothing is known about the influence
of space environment on the mechanotransduc-
tion signals and their influence on endothelial
functions. [Also see previous Key Issue]

Proposed investigations and recommendations

e To simultaneously monitor cardiac output, blood
pressure, sympathetic nervous activity, and plas-
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ma concentrations of vasoactive hormones (va-
sopressor and natriuretic vasodilatory substanc-
es), as well as the distribution of cardiac output to
different vascular beds.

¢ Evaluate the effects of simulated low gravity on
structure and function of blood vessels, utilising
bed rest and other analogues such as dry immer-
sion.

Trans-disciplinary aspects

The interaction between muscle and peripheral ves-
sels should be considered in the design of experi-
ments and countermeasures.

3.2.3. Key issue 3: What level of cardiovascular func-
tion loss is acceptable and what type and quantity
of exercise is necessary to ensure that this loss is not
exceeded?

Relevance for space exploration missions

Countermeasures aimed at maintaining the full ca-
pacity of astronauts have a significant cost in terms
of mass, energy and time. However, it may not always
be necessary to maintain this full capacity in order to
complete a safe and successful space mission, and
there may be an acceptable degree of decondition-

ing.
Earth benefits and applications

Effective methods can also be used to prevent cardio-
vascular deconditioning or improve rehabilitation of
patients on Earth. Also, more effective methods can
be used on the ground to regain good health in sed-
entary populations and to maintain a good health sta-
tus in aging populations.

Brief review of latest developments

Neither resistive nor aerobic exercise alone is ade-
quate to prevent deconditioning in spaceflight. The
current exercise prescription used in ISS does not en-
tirely prevent deconditioning.



Figure 7: Lunar dust is covered in a glassy coat-
ing that can either be smooth orjagged (Credit:
Larry Taylor

Knowledge gaps and research needs

e What is the requirement for cardiovascular perform-
ance upon arrival at the Moon or Mars?

e What are the appropriate exercise prescriptions re-
quired to achieve such performance?

¢ How can the level of deconditioning that is acceptable
to crews who must be rehabilitated upon return to
Earth be determined?

Proposed investigations and recommendations

e On Earth, comparison studies of LBNP/exercise and
centrifuge/exercise countermeasures focused on ef-
fectiveness on cardiovascular, muscular, bone and
neurovestibular systems are suggested.

e Different kinds and duration of exercises must be
tested to determine the adequate amount of exercise
needed. Short-term, middle-term and long-term bed
rest studies are required.

Trans-disciplinary aspects

Countermeasures against cardiovascular degradation
could/should be combined with countermeasures against
musculoskeletal degradation.

3.2.4. Key issue 4: What are the risks associated with ex-
posure to extra-terrestrial dust?

Relevance for space exploration missions

In exploration class missions, crews will be exposed to
extraterrestrial dusts which will inevitably be transport-
ed into the habitats, and these dusts may potentially be
highly toxic. These fine dusts can easily be inhaled, and in a
low gravity environment, the particles will be transported
deeper into the lung where they will likely remain for ex-
tended periods of time. This will likely enhance their toxicity.

Earth benefits and applications

Many workers are exposed to dusty work environments
and particulate matter in the environment is a known
health risk to urban populations. Further, many drugs are
now delivered in aerosol form, and therefore a compre-
hensive understanding of the deposition and subsequent
clearance of deposited particles is of considerable impor-
tance in both areas.

Cardiovascular, Lungs and Kidneys
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Brief review of latest developments

The European Space Agency (ESA) has plans for un-
manned missions to define the physical and chemical
properties of lunar dust in the South Polar Region.

Knowledge gaps and research needs

* Size distribution, toxicity and physical properties
of the dust

e The spatial pattern of particle deposition in micro
and low gravity is unknown.

* Lung clearance rates in micro and low gravity are
unknown. Past and on-going studies suppose
clearance rates in low gravity are identical to 1G.

e Individual variation in airway tree geometry
might be a major determinant of particle deposi-
tion and subsequent clearance.

Proposed investigations and recommendations

e Studies of toxicity of lunar dust and its passiva-
tion rate performed either in-situ (would require
unmanned lunar surface exploration) or on Earth
using samples collected from future lunar mis-
sions and stored in appropriate condition to
maintain their “freshly fractured” properties.

e Study the effects of micro and low gravity on the
clearance rate. This will require access to human
suborbital or orbital flights.

e Scintigraphic and/or fluorescent imaging studies
of aerosol deposition and subsequent clearance
inthe lung eitherin humans orinan animal model
with a focus on the alterations in both deposition
and clearance that result from reduced gravity.

Trans-disciplinary aspects

Radiation may interact with pulmonary degradation/
repair processes.

3.2.5.Key issue 5:What are the roles of diet and bone
demineralisation on kidney stone formation and is
it possible to predict the risk of kidney stones?
Relevance for space exploration missions

Despite the fact that astronauts are pre-screened dur-

ing selection to be non-kidney stone formers, a signif-
icant number of events with renal stones have been
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reported from the US and Russian space programmes.
A calculus in the urinary system could have significant
health consequences for an astronaut and could also
have a negative impact on the mission as a whole.

Earth benefits and applications

A better insight into the factors that cause an in-
creased risk for renal stone formation in astronauts is
likely to benefit many individuals on the ground that
suffer from renal stones or an increased likelihood
of suffering from renal stones. Apart from being ex-
tremely painful renal stones may also lead to compli-
cations such as infections and hydronephrosis.

Brief review of latest developments

Ingestion of sufficient amounts of fluids and of potas-
sium citrate in astronauts has been shown to counter-
act changes in urinary composition that are known to
favour renal stone formation.

Knowledge gaps and research needs

¢ (Can regimes other than fluid and potassium cit-
rate ingestion mitigate renal stone formation?

e (Can potassium citrate ingestion increase the risk
for brushite stones?

e How does renal stone formation relate to bone
loss during very long space missions?

Proposed investigations and recommendations

e Further studies should be performed of the
mechanisms for renal stone formation during the
post-flight period.

¢ Improved methods to identify the risks for renal
stones at the time of selection should be devel-
oped, since present routines have proven inad-
equate.

¢ Improved methods to suppress bone atrophy
should be developed.

Trans-disciplinary aspects

The interactions between kidney stone formation and
nutrition must be considered, and a close coordina-
tion with programmes to prevent bone atrophy ap-
pears necessary.
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4.1. Relevance of Research on Immunology h

Relevance for space exploration missions

Spaceflight is a unique stress model, impacted con-
sistently or intermittently by a myriad of stresses in-
cluding psychosocial and physical stressors, high G-
forces at the time of launch and landing, increased
radiation, sleep deprivation, microgravity, and nutri-
tional factors. This multitude of factors has profound
immune modulatory effects on humans and animals
and can lead to immune suppression with compro-
mised defences against infections. Data have shown
that spaceflight conditions and/or analogues affect
lymphoid organs, peripheral blood leukocyte sub-
sets, the functions of immune cells and the number of
bone marrow-derived colony-forming units.

Additionally, changes in microbial growth character-
istics and pathogenicity during spaceflight have been
observed for several microorganisms (bacteria can
more readily proliferate in space). Thus, opportuni-
ties for microbes to establish foci of infection are en-
hanced because space travel stimulates their growth
and has a negative impact on immune functions. Fur-
thermore, antibiotics are less effective in space and
microbial pathogenicity and virulence are enhanced
under real and simulated microgravity.

Consequently, alterations and weakening of the im-
mune system has the potential to be a serious clini-
cal risk and represents an area that should be consid-
ered more thoroughly to ensure long-term survival
in space stations and sustainable habitation on the
Moon or any planet (i.e. Mars). The possible adverse
events could each have an immediate impact on mis-
sion objectives.

4.1.2. Earth benefits and applications

Immunology is an emerging field of research in which
an international approach is used to gather more
knowledge on how the immune system is webbed
in the pathology and clinical appearance of disease,
from it cellular function to an orchestrated, distinctly
balanced action of immune functions in the complex
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human system. From fundamental to clinical Immu-
nology, the link between organ systems and immune
responses can be addressed thanks to the emerging
knowledge and methodology in Biomedicine to di-
agnose immune changes from human blood. From
clinical investigations in the healthy and the sick, the
lifesaving importance of adequate immunity at the
switch between the host and the environment was
never clear before.

Besides controlling infections and eliminating germs,
immunologic responses are also capable of eliminat-
ing non-functional or dysfunctional tissue-cells, e.g.
tumour cells. However, failure to establish adequate
immune responses and to distinguish between “self”
and“non-self”can result in autoimmune diseases (e.g.
rheumatoid arthritis), acute and life threatening infec-
tions, and overwhelming systemicimmune responses
(e.g. septicemia) or the development of cancer over
time. Changes to this endogenous balance of the im-
mune and other organ systems — the so called home-
ostasis- due to psychological or environmental factors
(“stressors”) can impact this finely balanced, endo-,
para- and autocrine controlled immune function, re-
sulting in immune dysfunction and disease. The un-
derstanding of these deregulations together with ap-
propriate tools can help space travellers as much as
people on Earth.

Three specific aspects have been identified by the ex-
pert group as being highly relevant to life on Earth:

e Understanding stress related immune challenges
in space and the knowledge drawn fromitis high-
ly relevant to the understanding of the biology of
cancer immunology, the balance of Inflammation
and endogenous mechanisms to control it or the
lack of control (Autoimmunity/Allergies) in the
young and ageing population on Earth.

¢ The translational aspect in highly relevant (e.g. of
technological developments for space considered
as a highly attractive spin-off, or for the monitor-
ing of immune and health conditions in minute
amounts of blood or even non-invasively).



The functions of the immune system can be affected in re-
sponse to environmental / living conditions (e.g. chronic
and acute stress conditions can result in a further parallel
interaction between the immune system and other organ
systems). As an example, stress causes neurophysiologic
responses and hormone liberation which can modulate in-
flammation but also promote bone resorption. These and
other cross-interactions are also likely to occur with met-
abolic /nutritional changes as well as sedentary life style
and aging. These interactions, despite their broad impor-
tance for public health and prevention of disease, are not
yet acknowledged.

Figure 8: During Extra Vehicular Activities

(EVAs), astronauts are subject to many environ-
mental stressors (Credit: NASA)
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4.2, Brief Review of Latest Developments
4.2.1. Research using isolated cell systems

It has been shown that activation of T cells is strongly im-
paired when subjected to the stresses associated with pG
(Cogoli et al., Science, 1984, 225, 228-230). Despite impor-
tant findings on cells proliferation and communication,
the pathophysiological cellular pathways and complex
molecular mechanisms remain to be investigated. For now
and on the basis of current data and recent publications, it
can be concluded that the conditions of microgravity are
affecting and impairing the communication between cells
of the immune system and can results in the alteration of
intracellular signalling pathways. “Gravi-sensitive” signal
transduction elements were found in several different cell
compartments. These were found on the cell surface (such
as the IL-2 and the interleukin-2 receptor which is critical
in the regulation of the T-cell proliferation and differentia-
tion), in the cytoplasma (e.g. protein kinase C enzyme fam-
ily controlling function of other intracellular proteins) and
in the nucleus (e.g. genes regulating cellular processes of
the cells” proliferation and differentiation). However, the
key molecular mechanism(s) of how microgravity affects
cells”signalling are still unknown (summarised from Ullrich
O., Huber K., Lang K., Cell Commun Signal. 2008; 6: 9.).

4.2.2. Research using animal experiments: from model
organisms to mice

Following the general observations on stress responses, as
described by Hans Selye more than half a century ago, it
was shown in mice flown on a 13-day mission to space that
the murine spleen and thymus masses were significantly
reduced as well as the number of splenic leukocytes when
they were compared to mice that were kept as ground
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controls under similar housing conditions. In addi-
tion, the responses of immune cells when challenged
ex vivo with bacterial peptides were reduced. The
same observation was made when these cells were
activated through T-cell receptor dependent path-
ways. This modulation of distinct immune answers
indicates increased immunosuppresive mechanisms
[Bagai FP, Gridley DS, Slater JM, Luo-Owen X, Stodieck
LS, Ferguson V, Chapes SK, Pecaut MJ; J Appl Physiol.
2009 Jun;106(6):1935-42.]. Other studies showed that
T cell distribution, function, as well as gene expres-
sion pattern were also significantly affected when
more complex organisms, such as mice, are subjected
to the stressful conditions of space flight.

Along with these observations it is interesting to
note that space flight induces significant changes in
mMRNA expression in the thymus, especially in genes
known to regulate stress, glucocorticoid receptor
metabolism, and the T-cell signalling activity. Stud-
ies performed using an amphibian model showed
that space flight may also affect antibody production
in response to an antigenic stimulation. Indeed, the
expression of the physiological counterpart of mam-
malian IgA molecules was increased in flown animals,
as previously reported in cosmonauts (Konstantinova
et al. 1993). Furthermore, the use of the different VH
gene subgroups (Boxio et al., 2005), the expression
of individual VH genes (Bascove et al., 2009) and the
somatic hyper-mutation process were shown to be
affected under space flight conditions (Bascove et
al., 2011). Together with other results, these data give
further evidence of the complex compromise of im-
munity after animals are subjected to multiple stres-
sors during space flight [Lebsack TW, Fa V, Woods CC,
Gruener R, Manziello AM, Pecaut MJ, Gridley DS, Sto-
dieck LS, Ferguson VL, Deluca DJ Cell Biochem. 2010
May 15;110(2):372-8141.

4.2.3. Investigations in humans

Astronauts are very important to this domain of re-
search because they allow extending and transferring
the knowledge gathered from cell and animal experi-
ments to humans and approaching the consequences
of multi-factorial effects of physical stressors and emo-
tional stress in humans. Investigations have been un-
dertaken by applying complementary and elaborated
blood, urine and saliva analyses together with ques-
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tionnaires based emotional stress monitoring, to as-
tronauts exposed to space flight. These investigations
in man ranged from very acute gravitational stress
challenges (e.g. during parabolic flight) to short (in the
range of one to two weeks) and long (4-7 months) ISS
increments. These studies revealed that space flight
conditions induce a significant modulation of the hu-
man immune responsiveness. These alterations range
from an alert state of primed innate immune cell after
acute gravitational stress to a decrease of phagocytes,
NK, T-lymphocytes functional activity and also in their
altered capacity to produce important cell signalling
molecules (such as cytokines) after returning from the
space mission.

Moreover, tests using peripheral leukocyte subsets
show that the early T cell activation and the intracel-
lular or secreted cytokine pattern indicate a Th1<Th2
shift. It has also been shown that adrenocortical
stress-responses reflecting sympathetic nervous sys-
tem responses predominate especially after short du-
ration missions. In contrast, month-long missions to
space were characterised by glucocorticoid-mediated
changes. It is important to note that other, non-cat-
echolamine and non-glucocorticoid, stress-response
systems elicit immune targeted properties. Among
those, the phylogenetically old and preserved endo-
cannabinoid system was shown to be activated under
acute gravitational stress conditions (Chouker et al,
PloSONe2010), as well as in space (Choukeér et al, not
published). Complementarily, Earth-bound studies
conducted in so-called space flight analogue condi-
tions have provided further evidence of emotional
stress-sensitive immune changes in man [also sum-
marised in ELGRA-Ullysee Publikation (Ed. J. v. Loon),
chapter 3.2.6 “Human Physiology” by Gilles Clément,
LaurenceVicoand Alexander Choukér2011; Kaufmann
I, Schachtner T, Feuerecker M, Schelling G, Thiel M,
Chouker A,; Eur J Clin Invest. 2009 Aug;39(8):723-
8., Morukov VB, Rykova MP, Antropova EN, Berend-
eeva TA, Ponomarev SA, Larina IM; Fiziol Cheloveka.
2010 May-Jun;36(3):19-30; Crucian BE, Stowe RP,
Pierson DL, Sams CF; Aviat Space Environ Med. 2008
Sep;79(9):835-43,; Stowe RP, Sams CF, Pierson DL;
Aviat Space Environ Med. 2003 Dec;74(12):1281-4. ;
Choukeér A, Kaufmann |, Kreth S, Hauer D, Feuerecker
M, Thieme D, Vogeser M, Thiel M, Schelling G.,PLoS
One. 2010 May 21;5(5):e10752].



N

4.3. Immunology - Key Issues

4.3.1. List of key issues

The Expert Group identified eight key issues as im-
portant aspects to be considered in the future:

¢ Identification and quantification of stress factors
and their impact on the immune system

e Are immune system development, response and
regulation as efficient in space (ISS/Moon/Mars)
as on Earth?

e Consequences of long-duration (=1 year) mis-
sions on the degree of immune-suppression

e Consequences of “chronic” immune changes on
disease during and after long-duration missions

e Effects of Lunar or Mars dusts, habitat environ-
ment & other chemicals on immune perform-
ance

* Are the observed stress-dependent virus reacti-
vation patterns linked to cancer development?

* Interaction between the immune system and
other stress-sensitive systems (neuro-physiolog-
ical and others)

e Definition and testing of (immune targeted)
countermeasures

In order to understand and track the footprint of
space exploration on the human immune system and
its interactions with other organ entities, it appears
crucial that these key issues are addressed through
an appropriate technical and structural framework. In
this context, three interlinked approaches are highly
recommended:

e Pathophysiological cellular pathways and com-
plex molecular mechanisms need to be consid-
ered using isolated cell systems.

¢ Implementation of animal experiments (e.g. mice)
would produce further data, allowing investiga-
tions on the complex systemic compromise of
the immune system after exposure to multiple
stressors during space flight

e Finally, investigations in man have to be per-
formed in a coordinated way to better approach
the consequences of multi-factorial effects of
physical stressors and emotional stress induced
by space flight.

4.3.2. Knowledge gaps and research needs

In the light of future manned spaceflight for ex-
ploration, extension of the ISS Increments for
(some) ISS astronauts/cosmonauts to one year or
longer has been considered by all EG members
of very high importance (and was confirmed by
the majority of investigators participating to the
online consultation to be of high or very high im-
portance) to answer immune related questions
for future, extended space missions to the Moon
and Mars.

The methodological needs to achieve this goal
include the development of in-flight hardware to
perform easy-to-handle assays and minimal/non-
invasive exams to monitor immune and haemo-
static changes. This was considered to be of very
high importance by the EG as well as by 90% of
the consulted specialists.

To achieve a higher relevance of the data gath-
ered, especially for critical investigations, a need
of i) redundant repeating (at least twice) of in-
flight experiments and ii) some standardisation
of experiment design, methods, assays etc. is re-
quested. Both points were considered of high or
very high importance by >90% of the scientists
that were consulted.

Before going to space, test and control experi-
ments should be performed using the full scale
of Earth-bound models that can adequately sim-
ulate specific spaceflight conditions. 50% of the
respondents considered this point as very highly
relevant and 40% as highly relevant.

For space and Earth, the establishment of a bank
of tissue and plasma samples available to the sci-
entific community was defined by the majority of
EG members and external experts (>90%) to be
very important to extract maximal information
as well as to re-analyse samples when new tools
become available.

Taking advantage of health data files from ISS
crewmembers, with retrospective and prospec-
tive access, is necessary in order to estimate
clinically relevant changes of health in regard to
immune alterations (crew data would be anony-
mous). E.g. stress-dependent virus reactivation
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Figure 9: ESA’s Aurora Programme aims to pre-

pare Europe to play a key role in the future hu-
man exploration of the solar system. Using the
ISS as a test bed/analogue for a Martian mission
has been proposed as a necessary research plat-
form for many domains. (Credits: ESA - P. Carril)
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patterns linked to cancer development and conse-
quences of “chronic” immune changes during and af-
ter long-duration space missions on disease develop-
ment.

4.3.3. Proposed investigations and recommendations

¢ Theimmune system is a target and a sensor of change
in the environmental conditions (“stressors”) affecting
the human system as a whole. Therefore, only inter-
disciplinary approaches can help to understand (im-
mune-) homeostasis and how immune functions are
affected through other organ systems, under the con-
ditions of acute or chronic stress in space and on Earth,
respectively.

e Multidisciplinary approaches should include the full-
scale use of available methods from in-vitro to ex-
perimental in-vivo (rodents or other animal models,
knock-out models also in space) conditions, as well as
clinical and space related earth-bound studies (also
for countermeasure development). This will further
enhance the understanding and interaction of the im-
mune system response and regulation with other or-
gan systems at the cellular and molecular level.

¢ Thereisa need to standardise methodologies used for
immune research as well as the consideration to do re-
dundant experiments.

¢ The establishment of an international biological sam-
ple archive (from space crew members) is recom-
mended.

e Provision of access to anonymous health data from
crew members, retrospectively and prospectively, is
recommended.

e There is a need to diagnose immune changes in
minute amounts of blood through new non-invasively
technologies, a benefit for both space and Earth.

4.3.4. Cross-disciplinary aspects

The immune system is one of the largest and most wide-
spread “organs”with hormonal and neuronal control. More-
over, antigenic patterns as well as metabolic factors define
immune answers and regulate immunity, respectively.

This understanding shows that the immune system is
strongly linked with almost every organ homeostasis and
can be affected together with other systems upon stress
challenges (e.g.: Stress-> stress hormones which can mod-
ulate both immune responses as well as e.g. catabolic,



stress permissive bone turnover). Moreover, immune
responses are susceptible to exercise and nutritionals
factors as well as environmental factors like radiation,
and the microbial load and the oxygen tension in the
habitat.

Therefore, there are manifold, non-selective interac-
tions with other fields and topics:

* Bone, muscle, kidney

¢ Neurophysiology, cognitive performance
e Nutrition

e Exercise, cardiovascular & lung

4.4, Conclusion h

Appropriate functioning of the immune system is a
critical factor to maintain crew health. Therefore, it is
crucial to understand the biology of immune modu-
lation under stress conditions in order to re-estab-
lish immune homeostasis under such conditions. To
achieve this goal, maximum exploitation of currently
available resources on Earth and in space, as well as
respective databases, is mandatory. This also applies
to testing under conditions in space which are similar
to a manned exploration space mission to Mars.

e Habitat environment and design (e.g. oxygen
level, changes of psychic stress in respective
more comfortable habitat)

e Health: prevention, diagnosis and therapy

e Radiation (immune dysfunction)

The immune system can also be affected directly or
indirectly by countermeasures:

e Direct affect countermeasures: e.g. vaccination
(boost), pharmacological approaches

e Indirect affect countermeasures: Nutrition, exer-
cise, psychosocial procedures etc.

In conclusion, the Expert Group “Immunology” rec-
ommends acknowledgement of the abovementioned
key recommendations and also, in the light of extend-
ed human exploration mission, to take more advan-
tage of the ISS by increasing the increment duration
for two to three ISS crew members to 12 months or
longer and investigate immune changes under these
conditions.
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Neurophysiology

Figure 10: The Soyuz spacecraft landing (Cred-
it: NASA)

5.1. Relevance of Research on Neurophysiology\

Neurological responses to the spaceflight environment
challenge the performance of crewmembers at critical
times during spaceflight missions. Operational perform-
ance may be impaired by spatial disorientation, perceptual
illusions, disequilibrium, motion sickness, and altered sen-
sorimotor control, all of which are triggered by g-transitions
and persist for some time after the neurological systems
adapt to the new gravitational (or gravito-inertial) loading.
These neurological changes may have adverse effects on
crew cognition, spatial orientation, control of vehicles and
other complex systems, and dexterous manipulation skills.
While crewmembers eventually adapt to new gravitational
environments (e.g., microgravity), subsequent transitions
back to the old environment (e.g., 1-g) or to a new environ-
ment (e.g., 1/6-g on the Moon or 3/8-g on Mars) will cause
a new disruptions to these systems, impairing perform-
ance until readaptation (or new adaptation) has occurred.
Following such transitions, crewmembers may be un-
able to accomplish certain entry, landing, and post-flight
physical activities, including spatial cognition, vehicle
control, maintaining balance and locomation, and dexter-
ous manipulation. Current methods of pre-flight training
and post-flight rehabilitation have not been optimised to
minimise the functional impacts of these natural adaptive
responses during g-transitions or to restore environment-
appropriate sensorimotor functions after g-transitions.

While humans have sensory organs that specifically de-
tect changes in the accelerations and forces acting on our
bodies, there are no specific gravity receptors. Instead, the
direction and strength of the gravity (or gravito-inertial)
vector are deduced from the central integration of infor-
mation from many types of sensory receptors distributed
throughout our bodies, including visual, proprioceptive,
haptic, and vestibular receptors. Nevertheless, the mor-
phology and physiology of motor systems have evolved
such that the repertoire of movement paradigms enabled
survival by accommodating the physical properties of the
environment, including gravity. This has resulted in many
highly integrated motor control mechanisms that are
clearly designed to function in a 1-g environment. One
means of understanding how these control mechanisms
function is to investigate their routine accommodations
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of daily function when the gravitational environment
has changed.

Changes in sensorimotor functions resulting from
changes in gravitational loading also appear to play
a role in muscle atrophy, cardiovascular decondition-
ing, and cognitive deficits, such as poor concentra-
tion, short-term memory loss, and alteration in spatial
representations, known to occur during spaceflight.
Changes in sensorimotor functions are probably not
the only factors influencing these other flight-asso-
ciated changes, but their contributions should be

42

5.2. Neurophysiology - Key Issues h

Five key issues have been identified as space neu-
rophysiology research priorities over the next 10-15
years. Each of these important topics is briefly intro-
duced and motivated. Then, relevance for exploration,
earth benefits, proposed investigations, and trans-
disciplinary aspects are described. Cross-disciplinary
elements and potential Earth applications share dif-
ferent key issues and span over other Expert Groups.

5.2.1. Key issue 1: Impacts of spaceflight on the
senses

Changes in gravity have been shown to alter the
structure and/or performance of various sensory sys-
tems (e.g. vestibular, proprioceptive, tactile, olfactory,
baroreceptors, etc.) as well as basic perceptions asso-
ciated with these systems (e.g. graviception, spatial
orientation, self-motion, etc.). However, details and
mechanisms of these changes during and after g-
transitions have not yet been clearly elucidated.

Relevance for space exploration missions

e Altered sensory or perceptual functions can lead
to performance decrements (see below), spatial
disorientation, or altered situational awareness
during critical vehicle control operations that may
seriously endanger the mission and the crew.

e Space flightinduced changes in sensory and per-
ceptual systems may alter interactions with other
physiological systems (muscle, cardiovascular,
etc.), further contributing to reduced perform-
ance capabilities of the individual.

Neurophysiology

recognised and better understood. Therefore, critical
questions should be investigated regarding the func-
tioning of gravity-sensing receptors, motor systems,
spatial orientation and cognition in both normal and
altered gravity. An integrative approach should be
employed to address these questions. Also, the effects
of space radiation on the central nervous system need
to be better understood, as the potential for damage
to neural structures controlling critical life functions
and/or adaptive responses is unknown, and methods
for detecting and protecting or repairing such dam-
age are poorly understood.

Earth benefits and applications

Spatial disorientation and situational awareness is-
sues are responsible for up to a quarter of all civil avia-
tion accidents. Diminished manual flying skills during
visual flight rules piloting is an increasing problem,
especially for search and rescue helicopter pilots re-
quired to fly with diminished visual cues. Physical aids
(e.g., tactile situational awareness system) and coun-
termeasures developed to aid space travellers might
also be useful for commercial and military aviation.

As graviception plays a critical role in spatial orienta-
tion perception as well as control of balance, locomo-
tion, and dexterous manipulation (see next key issue),
space neurophysiology research will better define
the mechanisms underlying the fundamental role of
gravity in motor control. It should also help to better
understand the interplay between nervous system
function and functioning of the cardiovascular and
muscular systems as well as some of the cognitive as-
pects of behavioural performance.

Knowledge gaps and research needs

¢ While the effects of sustained 0-g on some senso-
ry and perceptual functions have been well stud-
ied, little is known about the effects of sustained
hypo-g (0<g<1) on these functions.

e Similarly, while the transient (adaptive) effects
on some sensory and perceptual functions have
been well studied following shifts from 0-g to 1-g
(and, to a lesser extent, 1-g to 0-g), little is known



about the transient effects on these functions fol-
lowing shifts from 1-g to hypo-g (and vice versa).
Furthermore, little is known about what hap-
pens to sensory and perceptual functions during
g-transitions (e.g., during launch or entry, where
gravito-inertial forces can vary over by 2-3 g or
more during periods of 10-30 minutes) from any
starting g-level to any finishing g-level.

In addition, while Central nervous system (CNS)
responses to repeated g-transitions associated
with repeated space missions (months to years
between missions) have shown some tendencies
toward dual-adaptation (e.g., response severi-
ties decrease as number of missions increases),
the responses to significant g-level changes with
shorter recovery times between (e.g., during in-
termittent artificial gravity exposures every few
hours to days) are unknown. How much time is
required for significant adaptive responses to
manifest themselves during/after g-transitions,
and what effects are driven by subsequent g-
transitions during/after this time period?
Sustained hypo-g fields cannot be created on
Earth, but sustained hyper-g (g>1) fields can be
created easily using rotating habitats. Can transi-
tions between hyper-g and 1-g be used as a valid
experimental model for examining neurophysio-
logical responses to transitions between 1-g and
hypo-g?

What are the potential effects of radiation on
sensory and perceptual functions? Are they pre-
dictable? What countermeasures can be used to
detect and/or minimise these effects? What reha-
bilitation protocols can be used to aid recovery
from these effects?

Artificial gravity created by rotating all or part of
a space vehicle might prove to be an efficient, ef-
fective multi-system countermeasure, but the un-
usual force environment created by the rotation
(i.e., g-gradients, Coriolis forces, and cross-cou-
pled angular accelerations) will likely affect sen-
sory and perceptual functions. The magnitudes,
time courses, reversibility, and consequences of
these effects are largely unknown.

The effects of Extra Vehicular Activities on sensory
and perceptual functions have not been studied.
The effects of pharmaceutical countermeasures
(e.g., promethazine) on sensory and perceptual
functions have not been studied in any non-ter-
restrial environment.

e What structural changes occur in neurological
systems (e.g., end organs, cerebellum, brain stem,
cortex, spinal cord, etc.) when gravity is altered?
Are there any long-term health or performance
consequences associated with these structural
changes?

Proposed investigations and recommendations

e The relationships between g-level and sensa-
tions/perceptions must be quantified. What are
the g-thresholds for different sensations and per-
ceptions?

e The time courses associated with adaptive re-
sponses of the sensory and perceptual systems
following launch into space (transition from 1-g
to 0-g) should be quantified.

e The time courses associated with adaptive re-
sponses of the sensory and perceptual systems
following transition between 0-g and hypo-g (or
vice versa) should be quantified.

e The time courses associated with adaptive re-
sponses of the sensory and perceptual systems
in rapidly changing gravitational environments
should be investigated (e.g. in rooms rotating at
variable rates).

e Alterations in sensory and perceptual systems
during launch and entry should be examined.

¢ The effects of pharmaceutical countermeasures
(e.g., promethazine) on sensory and perceptual
systems should be studied in non-terrestrial en-
vironments.

e Evaluate the effects of Extra Vehicular Activities
(EVAs) on sensory and perceptual functions by
performing experiments during scheduled EVAs.

¢ Investigate the causes and effects of reported in-
flight changes of visual acuity on visual percep-
tion and performance.

¢ Investigate changes in audition, smell, and taste
during microgravity.

¢ Examinethe use of (commercial) suborbital flights
as a suitable platform for the study of transient re-
sponses to changing g-levels.

e Test subjects in prolonged hyper-gravity induced
by aircraft or long-radius centrifuges.

¢ Study subjects that have accumulated significant
parabolic experience (i.e., many parabolas).

e Study effects of radiation on neurological func-
tion in ground-based accelerator facilities.
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* Placeananimal centrifuge in space to study struc-
tural changes in the nervous system, and effects
of sustained hypo-g exposure.

* Place a human centrifuge in space to address is-
sues regarding operations under g-level transi-
tions, g-gradients, hypo-g, flight simulator train-
ing, and adaptation to altered gravity.

Trans-disciplinary aspects

Strong links have to be emphasised with issues relat-
ed to radiation in space (Cluster 3).

The longer a crew member is exposed to the radiation
environment of space, the more likely it is that some
high energy particle will cause significant damage
to a critical CNS neuron/structure that could lead to
permanent, functionally relevant structural changes.
What are the potential effects of radiation on neu-
rologic functions? Are they predictable? What coun-
termeasures can be used to detect and/or minimise
these effects? What rehabilitation protocols can be
used to aid recovery from these effects?

5.2.2. Key issue 2: Impacts of spaceflight on
sensorimotor performance

Changes in gravity have been shown to alter senso-
rimotor control (e.g., goal-directed eye, hand, head,
limb, or body movements, eye-head coordination,
dexterous manipulation, postural control, and loco-
motive control). However, details and mechanisms of
these changes during and after g transitions have not
yet been clearly elucidated, nor have their functional/
operational significance.

Relevance for space exploration missions

Altered sensorimotor control performance during
critical mission activities may seriously endanger
mission objectives, mission equipment, or the crew.
Furthermore, altered sensorimotor control perform-
ance during typical activities of daily living after re-
turn from space missions may seriously endanger
crew, their friends, or their families. These activities
include: controlling space vehicles (e.g., launch, en-
try, landing, rendezvous, docking, etc.), ground-based
vehicles (e.g., rovers, automobiles, watercraft, aircraft,
etc.), or remote manipulators (e.g., robotic arms), per-
forming Extra Vehicular Activities, emergency egress,
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or exercise/sport/athletic activities, etc.
Earth benefits and applications

The altered gravity environments available during
spaceflight offer platforms to study the basic neuro-
physiology of dexterous manipulation (eye hand co-
ordination), balance and locomotion, and vehicle con-
trol, providing knowledge that serves to help patients
with vestibular, neurological, and motor control prob-
lems as well as the elderly. Knowledge gained from
studying the training and rehabilitation protocols
developed for use with astronauts can be transferred
directly to patients with specific lesions or disorders
requiring retraining or rehabilitation. Finally, math-
ematical models developed in the context of a space
environment could shed light on mechanisms that
can't be observed on Earth (0-g is a model of hypo-
activity, which is common in elderly populations).

Knowledge gaps and research needs

¢ The inaccessibility of operational performance
data by the scientific community complicates the
study of the relationships between physiologi-
cal changes and operational performance dec-
rements (e.g., piloting performance, emergency
egress, manual control, etc.).

¢ No experiments have been performed during Ex-
tra Vehicular Activities (see Issue 1, above).

e Three-dimensional changes in eye movements
have not been tested during spaceflight (e.g., the
targets for smooth pursuit and saccade move-
ments have only been tested using a fronto-par-
allel screen), and therefore, control of vergence
movements, in particular, are poorly understood.

e What ranges of radius and angular velocity are
required for intermittent artificial gravity to
benefit the sensorimotor systems, as well as the
heart, bone, muscle, and cardiovascular systems?
Are supplemental (concurrent) exercise coun-
termeasures required to optimise this putative
countermeasure?

¢ What ranges of radius and angular velocity are
required for continuous artificial gravity (rotat-
ing vehicle) to appropriately stimulate the load/
acceleration receptors while minimising the Co-
riolis forces and cross-coupled angular velocity
side effects?



Few mathematical models exist to describe sensory
motor adaptive responses, especially to altered grav-

ity.
Proposed investigations and recommendations

e Protocols should be established for disclosure
of operational performance data to qualified re-
searchers. Developing closer partnerships among
the scientific, operations, and training communi-
ties might be the best way to achieve this.

e As most of the issues associated with altered
sensory or perceptual functions could lead to
decreased sensorimotor performance, all of the
recommendations under Issue 1 also apply to
this Issue.

e Measure three-dimensional eye movement con-
trol performance during space flight.

e Perform ground-based and in-flight artificial grav-
ity experiments to determine the optimal radii
and angular velocities to promote multi-system
(including vestibular-sensorimotor) protection
from space flight adaptation issues.

e Install a flight-simulator in space (centrifuge
based, if possible) to correlate landing perform-
ance with in flight training.

e Develop mathematical models with an explicit
dependence on gravity to simulate sensorimotor
responses to changed gravity.

Trans-disciplinary aspects

Overarching aspects with links to many scientific dis-
ciplines are clearly evident. The inaccessibility of oper-
ational performance data to the scientific community
complicates the study of relationships between physi-
ological changes and performance decrements (e.g.,
piloting performance, emergency egress, manual
control, etc.) during critical mission phases. Protocols
should be established for disclosure of operational
performance data to qualified researchers. Develop-
ing closer partnerships among the scientific, opera-
tions, and training communities might be the best
way to achieve this. Furthermore, setting up a shared
database and recording past experimental data sets
and information on their contexts could be very valu-
able to enhance the usability of previous data (e.g.
challenge the low-N problem in space research).

5.2.3. Key issue 3: Impacts of neurophysiological
changes on spaceflight-induced decrements in
neuro-behavioural performance.

Changes in gravity have been observed to decrease
work capacity, vigilance, cognition, motivation, and
other aspects of neuro-behavioural performance.
However, details and mechanisms of these changes,
especially the role that altered senses and percep-
tions might play during and after g transitions, have
not yet been clearly elucidated.

Relevance for space exploration missions

e The consequences of altered work capacity, vigi-
lance, cognition, and motivation during space-
flight could range from decreased crew efficiency
to loss of mission and crew.

e Current countermeasures against motion sick-
ness during and after flight present unacceptable
risks to crewmembers and may be inappropriate
for exploration missions.

Earth benefits and applications

New information from spaceflight studies on the fun-
damental mechanisms of spatial orientation percep-
tion of slopes, depths, and heights may aid architects
in optimising the design of habitats and affordances
for the elderly or for those with neurological deficits.

Knowledge gaps and research needs

e Theincidence and severity of mission-related op-
erational performance decrements are unknown,
except in a few publicly observed examples. The
inaccessibility of operational performance data by
the scientific community complicates the study
of the relationships between neurophysiological
changes and neuro-behavioural decrements.

e Mechanisms of decreased or off-nominal per-
formance during mission critical operational
tasks (e.g. vehicle control) are unknown. While
links between vestibular dysfunction and cogni-
tive deficits have been established on Earth, no
such links have been sought in space research.

¢ The effects of ground-based and in-flight train-
ing regimens on neuro-behavioural decrements
have not been well studied.
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e Effective motion sickness countermeasures hav-
ing minimal effects on neuro-behavioural or sen-
sorimotor function are currently unknown.

Proposed investigations and recommendations

e Protocols should be established for disclosure of
neuro-behavioural performance data to quali-
fied researchers. This might be best achieved by
developing closer partnerships and integration
of the scientific, medical, and behavioural com-
munities.

e Studies should be performed to elucidate the
time course and severity of spaceflight-induced
cognitive deficits (e.g., Sopite syndrome (drowsi-
ness), space fog, aka “mental viscosity” or “space
stupids”), focusing on the role of neurophysiolog-
ical changes.

e The effects of ground-based and in-flight train-
ing regimens on neuro-behavioural decrements
should be studied.

e Effective motion sickness countermeasures hav-
ing minimal effects on neuro-behavioural or sen-
sorimotor function should be sought.

Trans-disciplinary aspects

Links are clearly evident with psychology, human-ma-
chine systems, and health care. In addition, 5 trans-
disciplinary aspects need to be highlighted:

Cognitive function

e How do changes in gravitational stimulation of
vestibular receptors affect cognitive function?
What training methods can be used to reduce
these effects?

* How do medications used to relieve symptoms of
motion sickness affect cognitive function? What
alternative medications could be used to reduce
these effects?

e Cognitive function comprises several tasks such
as attending, selecting, decision making, recog-
nising, imitating and remembering that involve
different parts of the brain. To fully assess the ef-
fects of spaceflight on cognitive function and to
better characterise the transient spaceflight phe-
nomenon sometimes referred to as the “space
stupids,” each of these cognitive function tasks
needs to be assessed individually with specific
tests.
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Motivation and vigilance

¢ How do changes in gravitational stimulation of
vestibular receptors and/or symptoms of motion
sickness affect crew motivation and vigilance?
What training methods or medications could be
used to reduce these effects?

¢ How do medications used to relieve symptoms of
motion sickness affect motivation and vigilance?
What alternative medications could be used to
reduce these effects?

Sleep and circadian rhythms

There is a growing body of evidence suggesting that
chronic sleep loss, which has been reported to oc-
cur commonly during spaceflight, is associated with
neurodegenerative, endocrinological, immunologic,
affective, and cognitive/memory, and motor perform-
ance deficits. The mechanisms of in-flight sleep loss
are not well understood. Many factors may play a role,
including light conditions, psychological issues, and
vestibular stimulation by gravito-inertial forces. What
is the relative importance of these factors? How do
changes in gravitational stimulation of vestibular re-
ceptors affect circadian rhythm? What training meth-
ods or medications could be used to minimise these
effects?

Spatial, geographic, and situational awareness

How does loss of the fundamental spatial orientation
reference provided by gravity affect spatial process-
ing? What affects does this have on spatial, geograph-
ic, and/or situational awareness? What training meth-
ods or physical aids could be used to minimise these
effects?

Performance

How do changes in sensorimotor control associated
with altered gravito-inertial force fields affect crew
performance of operational tasks? What training
methods, physical aids, medications, or countermeas-
ures could be used to minimise these effects?

How do changes in cognition, motivation, vigilance,
or spatial processing further complicate perform-
ance? What training methods, physical aids, medica-
tions, or countermeasures could be used to minimise
these effects?



Previous work has suggested that similar neural sub-
strates are involved in movement execution, obser-
vation, and motor imagery, and that the same laws
of movement control apply to these processes. How
could non-invasive mental imagination and/or ob-
servation be used to aid crewmembers in efficiently
learning and achieving specific physical tasks in al-
tered gravity?

5.2.4. Key issue 4: Countermeasure strategies to
minimise the risks associated with neurophysi-
ological changes during and after G-transitions.

Relevance for space exploration missions

Crewmembers are called upon to perform some of
the riskiest tasks associated with spaceflight missions
during and after g transitions, which also happen to
be the times of greatest environmental effects on the
neurological system during a mission. As noted above
in Issues 1-3, altered sensations and perceptions, sen-
sorimotor performance, or cognition during these
critical mission phases could seriously endanger the
mission and the crew.

Earth benefits and applications

The adaptation and training processes used by astro-
nauts to cope successfully with the environmental
changes associated with g-transitions during long-
duration spaceflight missions may provide insight
into rehabilitation in patients with specific CNS im-
pairments and vice versa.

Knowledge gaps and research needs

e The inaccessibility of operational performance
data to the scientific community complicates the
study of the relationships between physiological
changes and performance decrements (e.g., pi-
loting performance, emergency egress, manual
control, etc.) during these critical mission phases.

*  Onlylimited research data has been collected dur-
ing g-transitions to and from space platforms.

e The effectiveness of operational crew training
paradigms and training recency on crew per-
formance during these phases has not been sys-
tematically evaluated.

e The effects of pre-habilitation (pre-flight training)
or other countermeasures on performance dur-
ing these phases have not been evaluated.

Proposed investigations and recommendations

¢ Protocols should be established for disclosure of
operational and neuro-behavioural performance
data to qualified researchers. This might be best
achieved by developing closer partnerships and
integration of the scientific, medical, and behav-
ioural communities.

e Studies of crew neurophysiological responses
and performance should be conducted during
and immediately after launch/insertion and en-
try/landing.

¢ The effectiveness of operational training proto-
cols and recency should be studied.

e Pre-habilitation or other countermeasures ap-
proaches designed specifically for these phases
should be studied.

Trans-disciplinary aspects

Links with integrated physiology (especially musculo-
skeletal system and cardiovascular, lungs and kidney)
are highlighted in addition to:

Loss of motor tone

How do changes in gravitational stimulation of ves-
tibular and/or peripheral load receptors affect tonic
spinal-motor activation of anti-gravity muscles? What
role does this play in muscle atrophy and/or (indirect-
ly) bone loss? What role does it play in post-flight or-
thostatic function? What countermeasures should be
used to minimise these effects?

Vestibular control of cardiovascular regulation

What role do vestibular afferents play in the autonom-
ic regulation of myocardial contractility, vascular tone,
plasma volume, and other aspects of cardiovascular
regulation? How do changes in gravitational stimu-
lation of vestibular receptors affect cardiovascular
regulation? What countermeasures should be used to
minimise these effects?
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5.2.5. Key issue 5: Understand the role of gravity in
the development of the nervous system

Relevance for space exploration missions

Gravity is a fundamental environmental force that has
shaped the evolution of species on Earth. The role of
gravity in nervous system development is poorly un-
derstood though because it is not possible to remove
this omnipresent stimulus for more than brief periods
on Earth. Spaceflight offers unique opportunities to
study neurological development in the absence of
gravity, which could provide important insights to
terrestrial developmental neurobiologists. In the fu-
ture, exploration missions will possibly require very
long transit times and an inhabitation period on the
extraterrestrial body requiring multiple serial genera-
tions of space travellers. While developmental neuro-
biology is rather a fundamental field of research, this
endeavour will require deep understanding of the
effects of human gestation and development in non-
terrestrial gravitational environments..

Earth benefits and applications

Space provides a unique platform to observe consecu-
tive generations of animals (and eventually humans),

48

5.3. Conclusion h

The human nervous system has evolved to respond to
gravitational cues. On Earth, the presence of gravity-
mediated inputs from an ensemble of somatic recep-
tors sensitive to force and acceleration generate a
gravitational reference frame from which spatial ori-
entation is deduced and movements can be planned
and executed. Changes in this fundamental refer-
ence signal caused by spaceflight or other sustained
gravito-inertial force fields cause transient disruptions
in performance until the central integration func-
tions can adapt to the altered reference stimuli. Crew
health, safety, performance, and, eventually, mission
success, can only be assured after effective counter-
measures are developed to optimise the adaptation
to new gravito-inertial environments. However, such
countermeasures cannot be developed without un-
derstanding the fundamental mechanisms underly-
ing the adaptive processes involved. Many ground-
based studies address learning and transfer of motor
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being born and developing without gravity, allowing
the fundamental study of the influence of gravity on
development. What is the influence of gravity (or its
apparent absence) on development? For example, is
there a critical period for development of anti-grav-
itational reflexes, similar to the critical period for de-
velopment of vision? Are there synaptic or structural
changes in an organism after being in space for long
periods of time?

Knowledge gaps and research needs

The role of gravity in nervous system development
should be further investigated.

Proposed investigations and recommendations

e Study the neurobiological development of gen-
erations of small animal species born and raised
in the microgravity environment.

¢ Place an animal centrifuge in space to study the
neurobiological development of generations of
small animal species born and raised in the hypo-
gravity environments.

skills into novel environments. However, only space
flight studies can examine the nervous system re-
sponses to reduced gravity. Thus, we conclude that a
series of basic and operational scientific experiments
into the neurophysiological responses to space flight
are required to enable the next steps in human explo-
ration of space.
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Figure 11: Fresh fruit is a special treat on the
ISS (Credit: ESA/NASA)

Nutrition and Metabolism
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6.1. Relevance of Research on
Nutrition and Metabolism

6.1.1. Relevance for space exploration missions

Nutrition plays several key roles during space flights, from
the basic nutritive intake to maintain the organism in good
health to the beneficial psychosocial aspects related to
meals. Because nutrition is the source of energy, the pre-
cursors for synthesising the functional body units (cells and
their core constituents, the macromolecules proteins, DNA,
RNA, cells, etc.), and the numerous co-factors, such as mi-
cronutrients, to support enzyme activity and detoxification/
repair mechanisms, nutrition is central to the functioning of
the body. Conversely, poor nutrition can compromise many
of the physiological systems, and also mood and perform-
ance.

On the other hand, nutrition is also likely to play a key role
in counteracting the negative effects of space flight (e.g., ra-
diation, immune deficits, oxidative stress, bone and muscle
loss). As mission duration increases, any dietary/nutritional
deficiencies will become progressively more important. It is
therefore critical that astronauts are adequately nourished
(quantitatively and qualitatively) during missions. It is also
important to note that problems of nutritional origin are of-
ten treatable by simply providing the appropriate nutrients.

Of particular concern for long-duration missions is the ina-
bility to maintain energy balance (1-4). Energy requirements
during space flight are similar to those on the ground (1; 5),
yet astronauts often consume less food than needed to cov-
er their energy expenditure (1-3), inducing negative energy
balance and body mass loss. While such energy deficits are
physiologically tolerable for short-term missions because
of the availability of body fat stores, a chronic negative en-
ergy balance becomes a significant detrimental issue jeop-
ardising health and performance for long-term missions
(2). The causes of energy imbalance are, however not fully
understood. A pre-requisite to advising astronauts on how
to maintain energy balance is to know what the energy re-
quirements are. Itis also important to include the additional
energy costs of any exercise counter-measures used when
determining astronaut energy needs, especially in the light
of recent data suggesting that microgravity itself removes
one of the central components involved in energy balance
regulation (Audrey 2010).



Required energy, macronutrients, micronutrients and
vitamins need to be evaluated for long-term missions,
and nutrition countermeasures need to be tested.
This is especially important for micronutrient metabo-
lisms that receive very little attention in the context of
space flight.

Bed rest is an appropriate ground-based model for
most systems and particularly for nutrition related
matters. For a Mars mission, there are technological
challenges of providing a variety of palatable and
nutritious foods, and ideally, some fresh foods. This
is important not only for the obvious nutritive role
of maintaining crew health, but also for the psycho-
logical aspects. Nutritional shortcomings can affect

mood and behaviour and psychosocial cohesion be-
tween the crewmembers.

6.1.2. Earth benefits and applications

The nutritional questions related to bioastronautics
research are very relevant to multiple ground-based
related health issues. The potential spin-offs are both
interesting from technical point of view and are of
great clinical importance. Such spinoffs encompass
the increasing burden of modern chronic diseases,
in which the adoption of sedentary behaviour plays
a central role (i.e. the metabolic syndrome, insulin
resistance, dyslipidemia, type 2 diabetes mellitus,
atherosclerosis, etc.).

6.2. Nutrition and Metabolism - Key Issues h

Within the nutrition Expert Group, 6 key issues related
to exploration have been identified as space research
priorities in nutrition field. Each of these topics is
briefly introduced. Then, relevance to space explora-
tion, Earth benefits, knowledge gaps, proposed inves-
tigations, and trans-disciplinary aspects are described.
Cross-disciplinary elements and potential Earth appli-
cations share different key issues and span over other
Expert Groups.

6.2.1. Key issue 1: In-flight negative energy balance

As stated above, a negative energy balance is a fre-
quent finding during spaceflight.

Relevance for space exploration missions

e Ifsustained over the duration of spaceflights fore-
seen for planetary exploration, the negative en-
ergy balance will likely jeopardise the survival of
the crew members and the mission.

e A chronic negative energy balance will affect
health performance (muscle, cardio-vascular
function), mood and behaviour, which will en-
danger the mission and the crew.

Earth benefits and applications

Managing energy balance for an astronaut requires
the development of an accurate system for monitor-

ing nutritional status in space. This would be of tre-
mendous interest to multiple groups on the ground,
including the military, physicians working with obese
patients, and hospital doctors dealing with patients
who are for one reason or another unable to eat nor-
mally. Malnutrition amongst hospitalised patients
remains a critical problem today. It contributes to
increased morbidity, mortality, increased time in the
hospital, and hence, the overall cost of health care.

Brief review of latest developments

A new generation of accelerometer-like devices has
been developed for studies on Earth that are capa-
ble of defining the energy-time budget of humans
and wild animals. These devices, coupled with other
methods and instruments (i.e. cardiofrequencemetry,
heat flow gauge, etc.) for measuring physical activity
pattern and energy expenditure, may give an accu-
rate estimation of total energy expenditure in free-
living conditions. The recently developed bioimped-
ance spectroscopy systems accurately measure and
determine changes in body composition and thus
energy balance changes over time. These instruments
are likely to provide critical information on the astro-
naut’s energy budget during missions of varying du-
ration in relation to the different intensities of exercise
prescribed as countermeasures. They need, however,
robust calibration on the ground prior to use during
flight.
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Knowledge gaps and research needs

e The lack of an accurate method to assess in real
time the changes in energy balance precludes
the monitoring of the nutritional status of the in-
dividual astronauts. Energy balance status needs
to be assessed every other week in other to apply
efficient counteractive protocols.

e The system should not be confounded by chang-
es in body composition (e.g. fluid shifts, elec-
trolyte changes) or by physical activity patterns
(duration and intensity) or in the rate of energy
expenditure and should not be disturbed by mi-
crogravity environment.

e The instruments should allow a non-invasive
measurement of energy status and be cost-effec-
tive.

Proposed investigations and recommendations

e To validate protocols testing different method-
ologies to detect early changes in energy status.

e The validation of these methodologies, which
include bioimpedance spectroscopy and the
latest generation of 3-axial accelerometry and
heart rate, should be held against a gold stand-
ard method such as the doubly labelled water
method. This is needed in flight to assess the
instruments precision and accuracy in detecting
changes in body composition and total energy
expenditure.

e The validation of these instruments in-flight is
clearly a crucial prerequisite to planetary explora-
tion.

e To counteract negative energy balance, food
sciences-derived and/or psychological strategies
should be developed to stimulate astronaut’s ap-
petite.

e The consumption of high-energy drinks, classi-
cally used in sports medicine, should be tested as
a countermeasure.

e Some studies have demonstrated the beneficial
effects of amino acid supplements on muscle
anabolism, however, those results have recently
been challenged. Further studies need to be per-
formed to come to conclusions on that important
question. A parallel approach that requires atten-
tion is the use of the chrononutrition. Chrononu-
trition has been shown to increase the anabolic
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capacity of muscle more efficiently than equiva-
lent supplementation divided over the day. This
should be tested as a potential countermeasure.

Trans-disciplinary aspects

Because energy allocation is a central necessity for
any physiological function, overarching aspects link
energy balance regulation to all scientific disciplines.

On the ground, consequences associated with long-
term energy imbalance include alterations in mood,
performances (6; 7), stress regulation, bone and mus-
cle mass (2; 6-8), cardiovascular function and immu-
nology (9-12). Some of these consequences also give
strong insights regarding the implication of energy
alterations in several well-described adaptations to
space flights. For example, Muslim army pilots un-
dergoing the 1-month partial fast of Ramadan lost
weight in a comparable amount to astronauts and
show deterioration in their cardiovascular capacity
that closely mimic what is described as the space-
related cardiovascular deconditioning syndrome.
Similarly, data collected from both bed rest and space
flights demonstrate that a state of negative energy
balance negatively impact the spaceflight-induced
muscle atrophy.

Lastly, the development of exercise countermeasure
protocols should be clearly revised in close associa-
tion with nutritionists. A common goal should be that
nutritional guidelines and energy prescriptions work
together to maintain a stable energy balance over the
period of the space mission (2; 13).

6.2.2. Key issue 2: Feeding behaviour

Part of the problem linked to the negative energy
balance is a deregulation of eating behaviour during
spaceflight. It was consistently shown that astronauts
eat on average 30% less than pre-flight consump-
tion (2). As eating behaviour is a complex, regulated
process involving energy expenditure itself, gut en-
docrinology and enteral nervous systems, adipose
tissue and numerous other protagonists known and
likely unknown, the expert group considered it as a
self-standing key issue.



Figure 12: Astronauts sharing a meal on the
ISS (Credit: ESA/NASA)

Relevance for space exploration missions

Understanding the factors that affect feeding behaviour
during in a microgravity environment would help manage
the energy balance and the maintenance of the general
health of the crew members. It is likely that mood and so-
cial interactions will also be positively impacted by such
control.

Earth benefits and applications

The benefits on Earth are the same than those explained
previously for key issue 1.

Brief review of latest developments

Much still remains unknown regarding the regulation of
food intake on Earth by humans and animals, and it is a
direct factor involved in several pathologies (obesity, ano-
rexia, type 2 diabetes mellitus). However, several biomark-
ers for satiety and satiation are now available. Combining
those with imaging techniques on Earth could provide
critical information on how the above mentioned environ-
mental factors, independently or combined, affect food
intake regulation.

Knowledge gaps and research needs

¢ What elements of the space environment (hypobaric/
hypoxia situations, hypercapnia, stressful situations,
motion sickness) affect the regulation of food intake?

e What is the impact of exercise countermeasure on
feeding behaviour? Is the impact level related to the
exercise training protocol (intensity, duration, volume,
type of exercise, etc.)?

¢ The interaction between exercises of different inten-
sities, hypobaric/hypoxia situations, and hypercapnia
environment has to be tightly investigated on feeding
behaviour and appetite regulation of astronauts.

Proposed investigations and recommendations

¢ Investigations on the impact of the different elements
of the space environment, independently and com-
bined, on feeding behaviour is recommended.

e Several facilities exist that could allow experiments to
separate out the influence of different environmental
factors observed in space on feeding behaviour regu-
lation. These include the Concordia station, the ISS
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itself, and submarines. There is clearly a dearth of
inflight and ground-based data on this topic.

e On the other side of the problem, an improve-
ment in palatability of the items proposed by the
space food industries need to be given more at-
tention.

Trans-disciplinary aspects

Feeding behaviour regulation is one of the two big
components of the energy balance equation (key is-
sue 1), and therefore it shares the same trans-discipli-
nary aspects. It is also related to the problem of habi-
tat management since the food industry will have to
take into account the impact of food and meals on
feeding behaviour.

Because food plays a strong psychosocial role and
can help to enhance the cohesion between the crew
members, nutrition and feeding behaviour will have
to be taken in account by the psychological issues re-
lated to space flights as well.

6.2.3. Key issue 3: Metabolic stress
Relevance for space exploration missions

The metabolic stress (high cortisol, hyperinsulinemia,
shift in substrate use towards glucose, oxidative stress
and low grade inflammation) observed during space-
flight will certainly pose problems during exploration
as a large body of data in clinical nutrition shows that
it is a strong predictor of type 2 diabetes and cardio-
vascular diseases (14-17).

Earth benefits and applications

Metabolic stress studies are of direct interest to the
growing prevalence of chronic diseases on Earth in
which physical inactivity, as during space flight, plays
a causative role. This concerns insulin resistance and
lipotoxicity, Type 2 Diabetes, obesity, metabolic syn-
drome, cardiovascular risks, muscle function and
bone health.

Brief review of latest developments

While there is an extensive body of data available
from recent clinical nutrition research, there is much
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debate on the actual causes and subsequent devel-
opment of metabolic stress.

Knowledge gaps and research needs

¢ In the context of spaceflight, an unresolved issue
is the functional consequence of insulin resist-
ance.

¢ The interaction between the different protago-
nists involved in the metabolic stress i.e. insulin
resistance, low grade inflammation, shift in the
fuel mix oxidised and oxidative stress has to be
determined.

Proposed investigations and recommendations

¢ Fundamental research has to be conducted dur-
ing bed rest studies and basic clinical science pro-
tocols.

e Overall, more data on the metabolic responses to
(long-duration) space flight is needed so it can be
integrated with ground-based spaceflight ana-
logue studies.

¢ Ground-based studies have shown that in some
cases, metabolic stress can be alleviated with ma-
cronutrients and micronutrients supplementa-
tion. Further work is required here, especially to
understand the underlying mechanisms.

Trans-disciplinary aspects

There is a growing body of evidence suggesting oxi-
dative stress and low-grade inflammation play a caus-
al role in muscle disuse atrophy (18; 19). Furthermore,
the development of insulin resistance seems to pre-
clude the decrease of resistance to fatigue, which sug-
gests that it may directly impact performances. Those
aspects strongly need to be considered in these dif-
ferent areas.

6.2.4. Key issue 4: Micronutrients deficiency

Prolonged micronutrient deficiency is clearly associ-
ated on the ground with numerous functional altera-
tions. Those aspects have been overlooked in bio-
astronautics research.



Relevance for space exploration missions

In the context of planetary exploration, a clear evalu-
ation of the micronutrient status during long term
spaceflight is required to maintain health, and more
specifically, to maintain muscle and bone mass, insu-
lin sensitivity, to reduce oxidative stress and lipotoxic-
ity. Recent data shows that in the general population,
specific micronutrient deficits can leads to moderate
cognitive impairment that obviously need to avoided
during spaceflight. The corollary is that micronutri-
ents may mitigate to some extent the deleterious
consequences of radiation and other related space-
flight deconditioning syndromes.

Earth benefits and applications

Research on micronutrient requirements will likely
foster strategies to maintain bone and muscle mass,
to control sensitivity to insulin effects, oxidative stress
and lipotoxicity in bed-resting ill patients, sedentary
and elderly people. It may also help to better face
malnutrition problems in some countries.

Brief review of latest developments

Many ground-based studies have well documented
the importance of avoiding micronutrient deficien-
cies. Further studies showed that supplementation in
micronutrient may be efficient in activating pathways
leading to oxidative defence, oxidative metabolism
and low inflammation.

Knowledge gaps and research needs

e So far, the status of general micronutrients (vi-
tamins, minerals) during space flight has been
poorly investigated, especially during long-term
missions.

¢ Inthe area of nutritional supplementation in mi-
cronutrients, the primary open question is the
applicability of population based ground data.

e A major gap is whether targeted specific micro-
nutrients (e.g. reservatrol, creatine, omega-3 fatty
acids) might prove to have unique benefits dur-
ing spaceflight.

Proposed investigations and recommendations

¢ Long-duration bed rest studies, fundamental sci-
ence, and of course studies during actual space-
flight to collect data are the best ways to investi-
gate this key issue.

. If needed, targeted micronutrient supple-

mentation (e.g. resveratrol, creatine, omega-3 fatty

acids etc.) should be evaluated as a potential coun-

termeasure in tightly controlled experiments on

ground.

Trans-disciplinary aspects

Because micronutrients are involved in intermediary
metabolism, regulation of insulin sensitivity, the con-
trol of oxidative stress and lipotoxicity, which impact
bone and muscle mass as well as muscle perform-
ances and cognition, an appropriate micronutrients
intake is crucial for the functioning in space.

6.2.5. Key issue 5: Alterations of gut microflora

Perturbation in gut microflora is an understudied area
on the ground that is becoming increasingly impor-
tant (20; 21). Alterations in the gut microflora may
affect nutrient absorption, impact on gut secreting
peptides and thus metabolism and food intake as well
as immune status (22-25).

Relevance for space exploration missions

If gut microflora is altered during spaceflight, this
will impact energy intake and assimilation, and thus
energy balance, but it will also affect intermediary
metabolism and the immune system. Altogether, the
maintenance of gut microflora is important for the
general health of the crew members.

Earth benefits and applications

Studies conducted in the new domain of gut microflo-
ra and the impact of physical inactivity on gut micro-
flora regulation might open new ways to understand
diseases such as obesity, in which sedentary behav-
iours were suggested to be causative of weight gain.
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Brief review of latest developments

Molecular biology tools are now available to easily as-
sess changes in gut microflora.

Knowledge gaps and research needs

e So far, the effect of microgravity on the gut mi-
croflora, bacteria diversity, etc., has not been in-
vestigated.

e The critical need is for relevant data.

Proposed investigations and recommendations

e Bed rest, fundamental science, and of course
studies during actual spaceflight are the best di-
rection to investigate this key issue.

* Prebiotics/ Probiotics supplementation might
prove to be an efficient countermeasure.

Trans-disciplinary aspects

Because alterations of gut microflora will likely impact
energy balance regulation and intermediary metabo-
lism, this issue is related to all the physiological sys-
tems.

6.2.6. Key issue 6: Hydro-electrolytic imbalance
The maintenance of hydro-electrolytic balance is re-
quired to maintain whole body physiological home-
ostasis and to optimise performance.

Relevance for space exploration missions

Alterations of the hydro-electrolytic balance by the
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6.3. Conclusion \

In past bioastronautics research, nutrition has not
been a high priority given the relative short duration of
flights. However, with the International Space Station
now completed and the potential of future long-term
missions (e.g. Moon, Mars), the interest in nutrition as
a countermeasure has increased dramatically. Indeed,
an increasing body of data shows a direct relationship
between nutrition and the deleterious adaptations to
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space environment would negatively impact the
health of the crew members and thus jeopardise the
success of the mission.

Earth benefits and applications

Research on hydro-electrolytic balance will also have
strong benefits on Earth since similar alterations of
hydro-electrolytic balance observed in micrograv-
ity conditions are observed during exercise, altitude
challenges, anorexia, and adaptation to high-protein
diet.

Brief review of latest developments

No recent data is available, especially for long-term
missions.

Knowledge gaps and research needs

The long-term hydro-electrolytic adaptations to space
flight are unknown.

Proposed investigations and recommendations

e Hydration and mineral supplements are the more
potent countermeasure to test and apply.

¢ Spaceflight studies are the only option to investi-
gate such adaptations.

Trans-disciplinary aspects

Hydro-electrolytic alterations could directly impact
the renal function and vascular systems, and also indi-
rectly impact the musculoskeletal system.

space in regards to both energy balance and regula-
tion of the energy substrate (fuel mix) oxidation.

Finally, investigations on functional adaptations to
actual or simulated microgravity need to include nu-
trition as an important variable in interpreting the ob-
served results. Controlling nutrition as a variable was
often over-looked in the past.
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