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Human spaceflight is advancing toward sustainable exploration through initiatives like NASA’s
Artemis program, aiming for a lunar outpost and eventual Mars mission. Astronauts face hazards
including altered gravity, isolation, and cosmic radiation, linked to over thirty health risks. This review,
reflecting ESA community expertise, outlines how understanding the space exposome-integrome
interaction can improve risk stratification, guide personalized countermeasures, and address

knowledge gaps essential for safe deep-space exploration.

Adaptability and resilience are distinguishing features of Homo sapiens. Our
large complex brains and sophisticated behavior have provided key macro-
evolutionary advantages that distinguished us from other hominids,
allowing our species to flourish on the African continent before eventually
spreading across the entire planet'. However, as we aim to transition from a
terrestrial to temporal extra-terrestrial species with ambitious plans to
establish human research stations and habitats with rotating crew on the
Moon and eventually Mars, these defining traits will be tested to unexplored
extremes in unprecedented ways. Indeed, evolution is a time-consuming
process that allowed humans to adapt to their changing environment. In the
case of space exploration, the time continuum is minuscule, placing the
challenge into a clearer context. While physiological adaptive mechanisms
along with our evolved intellect have allowed humans to work routinely in
microgravity and other extreme environments, how will we respond to the
constellation of hazards that collectively define spaceflight beyond Earth
vicinity—an enigmatic environment that simply cannot be replicated in toto
within the boundary constraints of Earth? What countermeasures, herein
defined as solutions to prevent the undesirable physiologic and psychological
outcomes associated with extreme environments’, need refinement or
development de novo, to mitigate against these risks and better protect crew
health and safety to ensure mission success?

Herein, we highlight how a better understanding of the functional
interaction between the space exposome (environmental hazards) and the

and corresponding mitigation through the development of more effective
personalized countermeasures. Our primary endpoint was to identify key
knowledge gaps and provide considerations and recommendations for
future research priorities focused on safe, pragmatic, personalized coun-
termeasure selection and development. The secondary endpoint was to
explore potential terrestrial applications and highlight the socio-economic
benefits of risk monitoring and mitigation.

Methodology
This White Paper review was developed as part of the European Space
Agency’s (ESA) Human Spaceflight and Exploration Directorate’s’ SciS-
pacE’s team (now coined Exploration Science) strategic initiative to develop
a wide range of White Papers on the future of the science of space
exploration with a specific European view. One important topic thereof is
the ‘Integrative and Countermeasures Approach’—contributing to the
Explore 2040 strategy under the Terrae Novae exploration programme®
outlining Europe’s long-term vision for robotic and human exploration of
the Solar System. The review methodology involved a structured, multi-
phase process combining systematic literature appraisal, expert consensus,
and cross-disciplinary integration.

A comprehensive appraisal of peer-reviewed literature was under-
taken, drawing from PubMed, Scopus, and ESA archives, focusing on
publications between 1939 and 2025. Keywords included “space physiol-

integrome (integrative human adaptation) can enhance risk stratification  ogy,” “integrated countermeasures,” “microgravity adaptation,” “radiation
Afull list of affiliations appears at the end of the paper. e-mail: damian.bailey@southwales.ac.uk; alexander.chouker@med.uni-muenchen.de
npj Microgravity | (2025)11:82 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s41526-025-00537-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41526-025-00537-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41526-025-00537-1&domain=pdf
mailto:damian.bailey@southwales.ac.uk
mailto:alexander.chouker@med.uni-muenchen.de
www.nature.com/npjmgrav

https://doi.org/10.1038/s41526-025-00537-1

Review

Artemis |

Artemis Il

@

Mars 6’ i
Moon ‘ ;

Fig. 1 | Future challenges: exploration-focused and -enabled science. In colla-

boration with commercial and international partners, including the European Space
Agency (ESA), NASA’s Artemis program will look to establish a sustainable human
presence on the Moon in preparation for and de-risking of a future crewed mission
to Mars (provisional flight schedules inset). Artemis I saw its first uncrewed mission
fly a trio of mannequins aboard the Orion capsule (Commander Moonikin Campos
at the helm, accompanied by torsos, Helga, and Zohar) fitted with sensors to measure
vibration, acceleration, and cosmic radiation dose. This will be followed by NASA’s

Transit: ~3 days
Mission: ~30 days
Communication: ~3 sec

@

Gateway

Transit: ¥6-9 months
Mission: ~34 months
Communication: ~6-44 min

Pa

AJVEMIS

IV VvV VI VI VIl

Artemis IT mission, the first scheduled lunar flyby, that will pave the way for a return
to the Moon, crewed by NASA astronauts Mission Specialist 1, Christina Hammock
Koch, Commander Reid Wiseman, Pilot Victor Glover, and Canadian Space Agency
Mission Specialist 2, Jeremy Hansen. Created with BioRender.com. Note that the
documented transit times reflect one-way durations, mission times reflect total
mission durations, and communication delays reflect ‘message-and-response’
cycles. Photo credits: NASA.

risk,” and “deep space human exploration.” Inclusion criteria encompassed
studies (preclinical, clinical, and operational) addressing physiological risks
and mitigation strategies associated with long-duration spaceflight. This
review builds on foundational documents encompassing the 2016 ESA
SciSpacE Roadmaps and the THESEUS (Towards Human Exploration of
Space: a EUropean Strategy) initiative’, and incorporates expert ‘commu-
nity’ contributions from over 300 specialists across 22 ESA member states.
Input was gathered via structured workshops, virtual panels, and targeted
thematic surveys that was strategically organized into 4 overarching
research groups and 16 thematic domains. A modified Delphi process was
used to identify and rank priority knowledge gaps, emerging research needs,
and translational opportunities. Expert feedback was thematically analyzed
to derive impact-driven recommendations focused on integrated, perso-
nalized countermeasure development. Consideration was also given to
terrestrial parallels, enabling assessment of broader socio-economic and
healthcare relevance. All findings were synthesized and aligned with ESA’s
broader exploration strategy and informed by previous ESA Science
Community White Papers published in this series", capitalizing on
extensive cross-disciplinary synergies.

Human space exploration: context, constraints and
challenges

To date, more than 600 space travellers have reached Earth orbit—achieving
the necessary orbital velocity to remain in sustained freefall around the
planet—while others have flown, or are currently flying, on suborbital
tourist missions aboard commercial space vehicles. The latter exceed the
Fédération Aéronautique Internationale’s criterion of crossing the
Karmdn line'® (100 km altitude) to qualify as spaceflight, but their
trajectories do not reach orbital velocity and therefore return to Earth
after brief periods of microgravity. Except for the Apollo missions,
and following retirement of the Space Shuttle in 2011, the

International Space Station (ISS) and more recently, the Tiangong
Space Station, have been the primary foci of human spaceflight, with
risk management governed almost exclusively by missions lasting
from 30 days to up to a year in low Earth orbit (LEO).

However, with the decommissioning of the ISS currently planned for
around 2030, the successful launch and return of the uncrewed test flight
Artemis T on November 16", 2022, laid the foundations for a revolutionary
new era to support extended deep space exploration-class missions.
Agencies and commercial partners are ambitiously aiming to expand
humanity’s reach beyond Earth vicinity, including establishing a permanent
base on the Moon’s surface ahead of the horizon goal, and a crewed mission
to the Red Planet, Mars (Fig. 1). These endeavours involve distances
spanning millions of kilometres, presenting monumental challenges unlike
anything humanity has ever faced before. They will push engineering and
human tolerances to, if not indeed beyond current limits, placing unpre-
cedented and potentially unquantifiable demands on an astronaut’s health,
performance and medical needs'*".

Before humans can be sent to Mars and returned safely, critical
questions must be addressed and obstacles overcome. Beyond the formid-
able engineering challenges of optimizing vehicles, habitats, spacesuits, and
propulsion systems, one of the most pressing issues is how to effectively
prioritize and safeguard crew health and safety. Space agencies carry a moral
and ethical responsibility to provide astronauts with the best possible esti-
mation of risk, ensuring they are fully informed before embarking on
missions never before attempted'”. Importantly, risk estimation is not only
vital for crew preparedness but also for the agencies or other spacefaring
organizations tasked with making the final “go” decision. Risk acceptance
must therefore be understood and recognized as a shared responsibility
among a broader community of stakeholders. Clearly, it makes intuitive
sense to better phenotype the human body’s integrative responses to the
combined impact of multiple stressors that collectively define the space
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‘exposome’’, so that biomedical risks can be more accurately characterized
and contained.

Space exposome: integrative approach for persona-
lized risk stratification

No environment is more hostile and challenging to humans than space. It is
the closest known approximation to a perfect vacuum, compounded by
high-energy background ionizing radiation, extremes of temperature
(—270°C in deep space when the spacecraft is in shadow and radiatively
cooling toward the cosmic microwave background temperature to +120 °C
in direct sunlight)™, altered gravitational forces ranging from hypergravity
during ascent/re-entry (3-6+ g) to transitioning through microgravity and
engaging with potential surface operations under partial gravity conditions
on the Moon (0.17 g) and Mars (0.376 g), particulates (micrometeoroids,
cosmic dust, orbital debris and charged particles), and the highly reactive
radical atomic oxygen (O) which is the most prevalent species in LEO,
within the context of interplanetary missions.

These hazards exceed the physiological boundary limits set by Earth’s
constant gravity, geomagnetic fields, water, and breathable molecular
(diatomic) oxygen (O,) that have collectively helped shape the evolution of
life on Earth®. While spacesuits and habitats provide some degree of pro-
tection, altered gravity, background ionizing radiation, prolonged isolation
and confinement, hostile and closed environments, and ever-increasing
distances from Earth, represent the core environmental stressors and
hazards that space crew will ultimately face beyond Earth vicinity, as defined
by the NASA Human Research Program (HRP) and outlined within the
HRP Integrated Research Plan™ (Fig. 2A). It is also important to
acknowledge the role of circadian dysregulation (disruption of an astro-
naut’s endogenous biological rhythm in a confined spacecraft or remote
planetary habitat with altered sunrise/sunset cycles) underlying long-term
psycho-physiological maladaptation™.

Key focus areas have been identified in the THESEUS approach’ a
decade ago, highlighting knowledge gaps and research priorities in nutrition
and metabolism*’, immunology”’, bone and musculoskeletal physiology'***,
neurophysiology” and cardiopulmonary function”. These multi-organ
systems are impacted significantly, and according to NASA’s HRP*,
exploration hazards are associated with over thirty human health risks that
inform research prioritization (Fig. 2B). NASA applies an evidence-based
risk assessment framework to evaluate the acceptability of health and per-
formance risks using a likelihood-consequence (L x C) matrix for a given
design reference mission'*”". Risks classified as ‘red’ exceed this threshold
and are considered unacceptable without validated mitigation strategies.
These thresholds guide decisions on mission approval, particularly for
exploration-class missions beyond low-Earth orbit, where risk tolerance is
lower due to limited evacuation and resupply options.

Current red risks are broadly categorized as follows, (1) Systemic:
radiation-induced carcinogenesis, (2) Cerebral/Psychological/Ophthalmo-
logical: Spaceflight-Associated Neuro-ocular Syndrome (SANS) and psy-
chosocial maladaptation encompassing anxiety, depression, and cognitive
decline, (3) Renal: nephrolithiasis, (4) Musculoskeletal: osteoporosis, (5)
Pulmonary: celestial dust exposure, (6) Metabolic: complications associated
with altered drug pharmacokinetics/pharmacodynamics, (7) Nutritional:
inadequate food intake and (8) Medical emergencies: including extra-
vehicular activities (EVA, Fig. 2B). However, astronauts will invariably
encounter these stressors to varying degrees and never in isolation, making
the physiological responses at best, challenging and at worse impossible, to
accurately replicate, model or predict, emphasizing the need for multi-
disciplinary research and a more holistic integrative physiology approach.
Our collective inability to accurately simulate multi-stressor dynamics and
determine to what extent stressors exert simple linear additive or complex
coupled nonlinear synergistic effects (Fig. 2A) remains a conceptual barrier.

Indeed, most stressor combinations lack empirical evidence to derive
‘safe’ or ethically permissible threshold limits for combined risks, further
emphasizing the fundamental importance of quantitatively predicting the
impact of combined stressors for optimized mitigation. Related discourse

has stimulated a separate roadmap focused on space governance, outlining
an ethics framework devoted to fundamental principles and practices to
help guide agency’s decision-making for future exploration-class missions
that are inherently risky and that fail to meet existing occupational health
standards: a concept that incidentally, is not unique to spaceflight” and
requires constant evaluation™.

Ethics and scientific considerations are not always aligned, which poses
further challenges. For example, long-duration missions may require the use
of experimental countermeasures (e.g., radioprotective agents or gene
therapies)** that lack robust clinical validation. While these may be scien-
tifically justified under extreme conditions, their application raises ethical
concerns regarding autonomy, long-term safety, and the standards of
informed consent—especially when terrestrial occupational or medical
guidelines would prohibit their use. This illustrates how ethical and scientific
priorities may diverge, presenting a unique governance challenge in space
medicine. Recent attention has since turned to the space ‘exposome’, an
emergent concept originally founded in toxicology™, to better define per-
sonalized health risk profiles through deeper phenotyping of combined
stressor impacts, including functional interactions with intrinsic
modulants” (Fig. 2B).

Space integrome: towards personalized counter-
measure discovery

The critical role of spaceflight countermeasures—targeted interventions
designed to mitigate health risks associated with the space exposome, has
been acknowledged since the early 1950’s™’, even before implementation of
the first (exercise) countermeasures during the U.S. Gemini program. A
wide variety of terrestrial spaceflight simulations and environmental analogs
have been designed and tested to recreate ‘select’ aspects of spaceflight™’.
These analogs offer unique and valuable opportunities under strict
laboratory-controlled high-fidelity conditions for accelerated counter-
measure discovery, development, evaluation, and implementation (Fig. 3).

Primary terrestrial analogs for spaceflight include, although not
exclusively confined to, immobilisation: —6° head-down tilt bed rest
(HDTBR) and dry immersion (DI) to replicate microgravity-induced
deconditioning; ICE (isolation, confinement, and extreme environment)
facilities including Antarctic stations, caving, and undersea habitats with
dedicated facilities in Moscow, Houston, Florida, Cologne, and Sardinia
and terrestrial/laboratory-based facilities that induce inspiratory
hypoxia to simulate the low-pressure conditions of extravehicular
activity and subaquatic environments™. While no specific analog can
perfectly recreate the totality of environmental exposures and associated
multivariate physiological responses that astronauts experience, they
offer practical advantages over spaceflight including wider access to
comparatively larger sample sizes (to optimize statistical detection of
treatment effects), reduction of confounding factors that are omnipre-
sent in human ISS research studies, on-site specialist medical care and
importantly, reduced launch costs given that payload deployment to
LEO has fallen by approximately 95% from ~$65,000 USD/kg to ~$1500
USD/kg due to technological advances and commercialization™.

To date, -6° HDTBR and DI are widely considered the most suitable
physiological analogs to simulate microgravity, given their long-duration,
whole body integrative focus and controlled environment that collectively
afford opportunities to evaluate multiple countermeasures simultaneously*
(Fig. 3). Recent (European) examples of countermeasure experiments
include HDTBR: AGBRESA (Artificial Gravity BedRest study; commis-
sioned by ESA and NASA together with DLR)"', BRACE (Bed Rest with
Artificial gravity and Cycling Exercise study; commissioned by ESA and
CNES) and BRAVE (Bed Rest with Artificial gravity and Vibration and
resistance Exercise study; commissioned by ESA) and DI: VIVALDI I-1II
studies™.

The field of integrative physiology is concerned with the broader
aspects of physiology focused on the interactions between molecules,
cells, tissue, and organs, emphasizing the interconnectedness of physiolo-
gical systems”. Having benefitted from recent analytical advances in
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high-throughput multi-omics platforms and associated bioinformatics that
underpin the systems biology approach®, capable of analyzing upward of
100,000 molecular biomarkers®, integrative physiology is uniquely posi-
tioned to better characterize risk profiles at low cost and unprecedented

precision affording the opportunity to individualize countermeasures and
allow an astronaut to perform more safely and efficiently.

Indeed, space omics and tissue responses have been described in organ-
based studies on human skeletal muscle from several short and long-
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Fig. 2 | Space exposome: environmental stressors and hazards, biological targets,
and health risks. Primary environmental stressors of prolonged spaceflight as
defined by the NASA Human Research Program (HRP) and outlined within the
HRP Integrated Research Plan™, biological targets (in ascending order of complexity
including principal organ systems impacted, (A) and corresponding health risks (B).
A Note that the systemic response is highly complex and difficult to model given the
synergies between environmental stressors, multitude of organ systems affected and
extraneous factors. Altered gravity fields and radiation are highly quantifiable, the
other stressors less so. One of the primary research challenges is to quantify to what
extent cumulative exposure to these environmental stressors exerts linear additive or
complex nonlinear synergistic effects on crew health and performance (inset, upper
left). The emergent concept underlying the space ‘exposome’ encompasses the

totality of an astronaut’s cumulative exposures to these hazards and functional
interaction with endogenous factors that modulate risk’®. B Health risks highlighted
in red reflect those defined by the NASA Human Research Program (outlined within
the HRP Integrated Research Plan*"), with the highest priority based on likelihood of
occurrence and severity of (adverse) consequences for crew health and performance
during exploration-class missions beyond low Earth orbit (i.e., cis-lunar space, lunar
surface operations, lunar outpost and Mars exploration)”'. Note that all statements
regarding key physiological systems are based on findings from human studies.
SANS Spaceflight-Associated Neuro-Ocular Syndrome, OXINOS oxidative-
inflammatory-nitrosative stress, V ,/Q ventilation/perfusion, PK/PD pharmacoki-
netics/pharmacodynamics. Created with BioRender.com.

duration mission ISS astronauts (9 days vs. 180 days or more). Findings have
highlighted expression of distinct molecular signatures (biomarkers) that
are either up- or down-regulated in muscle biosamples (pre vs. postflight
biopsies) following routinely performed daily onboard countermeasures***.
Muscular nitrosative stress (an organ-based marker of disuse) has recently
been reported as a major signature in male astronauts following long-term
spaceflight®. Another recent study confirmed separate and distinct mole-
cular signatures (mitochondrial damage) in human skeletal muscle from
two long-duration ISS astronauts”. In addition to the analysis of fluid
(saliva, blood, urine) and other less invasive biosamples (e.g., hairs, nails,
skin flakes), the need for more organ-based and systemic studies must
remain a priority.

Supporting this, the NASA Twins Study exemplifies the func-
tionally integrative approach, establishing a methodological framework
that combines physiological, telomeric, transcriptomic, epigenetic,
proteomic, metabolomic, immunologic, microbiomic, cardiovascular,
ophthalmologic, and cognitive metrics from both the spacefaring
and Earth-bound Kelly twins™. It served as a precursor to the newly
established Space Omics and Medical Atlas (SOMA)’', a collaborative
initiative aimed at standardizing biological measurements and
sample preservation protocols—including human, microbial, and
environmental specimens”—and promoting data sharing for
spaceflight-related omics research, using longitudinal datasets from
private, short-duration, civilian missions such as Inspiration4, Polaris
Dawn, and Axiom, alongside terrestrial controls. This is an ambitious
initiative with the potential to improve in-flight risk monitoring and
mitigation, and potentially pre-mission screening and baseline risk
stratification to evaluate individual susceptibility to space-related
stressors before flight selection or training. European data sharing is
also facilitated by the Human and Robotic Exploration Data Archive
(HREDA)> and through European-American collaborations e.g., with
NASA’s GeneLab™. This precision health framework, best summarized
by Aristotle, “The whole is greater than the sum of its parts”, is perfectly
suited to spaceflight given the small sample sizes, perpetual risk of
mission failure, and unprecedented demands placed on the astronauts.

As illustrated in Fig. 3, functional integration of these ‘big data’ sets
from multimodal terrestrial/flight-based platforms will help build a more
holistic picture of the dynamic interplay between genotype and space
exposome phenotype. This integrated whole, or space ‘integrome’, uniquely
reflecting combinatorial events that may aggregate to alter risk profiles, is
concerned not only with amalgamating complex orthogonal datasets, but
more importantly, exposing unanticipated interactions underlying the
exposome phenotype. What distinguishes the integrome from the expo-
some concept, is how the former moves beyond boundary constraints
imposed when focusing on how a single system or gene responds to the
space exposome to a deeper phenotyping of the multivariate integrated
responses. Accelerated discovery and improved validation of biomarkers
(e.g, via targeted and untargeted multiplex mass spectrometry-based
proteomics™) can reveal novel pathways and mechanisms, generate new
hypotheses, and ultimately shorten times for novel countermeasure dis-
covery and development™.

Key knowledge gaps, research priorities and recom-
mendations for risk mitigation

Given the complex scientific and practical challenges associated with space
exploration, determining how agencies/commercial partners should
prioritize research to accelerate the optimization of existing and develop-
ment of new countermeasures to improve personalized risk mitigation is
crucial. Within ESA-HRE, ‘Exploration Enabled Science’ (traditional ‘bot-
tom-up’ science led by the scientific community) is complemented by
‘Exploration Focused Science’ (top-down, driven by the needs of the
exploration programme), with the latter involving closer collaboration with
ESA Medical Operations/Support (ESA MedOps) to define the priorities
based on operational needs and challenges. Strengthening global colla-
borations with NASA MedOps and other international partners is also
essential. As highlighted, the prevailing consensus among the ESA
exploration scientific community emphasizes the need for more basic
integrative research focused on deeper phenotyping of the space exposome-
integrome concept. This involves understanding how individual and
combined environmental stressors impact integrated aspects of crew health
and performance, through the identification and validation of precision
biomarkers.

Deep space radiation exposure represents one such focused risk that is
especially challenging to mitigate and further complicated by location-
dependent differences. On the LEO-based ISS, astronauts remain partially
protected by the Earth’s magnetosphere. In contrast, the Moon and Mars
offer minimal to no magnetic shielding, leading to greater exposure to
galactic cosmic rays and solar particle events. Mars lacks a protective
magnetosphere and has only a thin atmosphere, offering minimal shielding
that is insufficient to mitigate deep-space radiation risks.

It is predicted that a 1000-day mission to Mars could increase cancer
mortality rates from a predicted background probability of 15 percent
(%) to approximately 20% for an average body mass, non-smoking
astronaut”. To put this into a clearer clinical perspective, this elevation in
cancer risk probability—representing a 33% increase in lifetime mortality
risk—is comparable to that of an individual who is overweight, consumes
alcohol, follows an average diet, and leads a less active lifestyle than a
typical astronaut”’. However, there is considerable uncertainty associated
with these calculations due to differences in radiation quality in space
compared to that experienced terrestrially. This means that the 5%
increase in lifetime cancer risk can range between 1 and 20% when taking
into account the (95%) confidence interval™. Current research is ongoing
to further reduce this uncertainty, an essential step in the design and
validation of appropriate countermeasures.

Although a lower albeit emergent current priority, research is
exploring the induction of torpor—an intrinsically regulated hypometa-
bolic state analogous to hibernation—as a potentially transformative
countermeasure to mitigate the risks associated with the space exposome in
future astronauts™. Fine-tuning metabolic rate in humans, similar to that
observed in torpid animals”, but different from the protective effects
incurred through external induction of therapeutic hypothermia®*, would
mean the ability to significantly slow down energy consumption. This
unique countermeasure could reduce the need for water, O, and food
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intake by up to 75%, significantly reduce the spacecraft’s payload, and
improve biochemical resilience, shifting glycolysis to lipolysis and ketone
utilization, while inducing myriad physiological adaptations™. The collec-
tive responses would protect against disuse-induced organ degeneration,
enhance resistance to radiation damage® and confer neuroprotection®, a
potential ‘game-changing’ countermeasure for crewed exploration.

While the precise mechanisms underpinning the space inte-
grome remain the topic of ongoing investigation®, as of now,
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addressing the hazards and providing countermeasure solutions will
require a combination of more immediate human health/perfor-
mance and engineering solutions requiring a delicate balance
between ‘acceptable’ risks and mission parameters. In terms of
bespoke countermeasure strategies, Fig. 4 provides a schematic
overview of those currently employed and prioritized for future
consideration with the collective aim of de-risking deep space transit
and habitation. These range from precision (Fig. 4A), systemic
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Fig. 3 | Space integrome: programmatics underlying precision-based counter-
measure design. The bedrock of fundamental research incorporates multiple
ground-based analogs designed to simulate ‘select’ aspects of theenvironmental
stressors/hazards of spaceflight (base of the pyramid). Functional integration of
terrestrial and mission-specific inputthrough the combined application of multi-
variate high-throughput technologies (e.g., extensive multi-omics profiling sup-
ported bybig-data computational approaches incorporating Artificial Intelligence,
Network Physiology, Monte Carlo Simulation bioinformaticapproaches, and
extended reality and digital twin biological models collectively encompassed within
‘Space digital health’) canprovide unique insights to better inform an astronaut’s
personalized space ‘integrome’. Personalized biomarker discovery anddevelop-
ment, combining genomic information complimented by longitudinal molecular
analyses of samples aligned to physiologicalstates incorporating serial sampling to
define underlying kinetics, will help reveal unique heteroallelic changes to the
spaceexposome and better inform spaceflight risk stratification to develop more
effective, personalized countermeasures that move beyondthe traditional non-

specific ‘one-size-fits-all” approach (inset, upper left). However, despite vast quan-
tities of complex datasets becoming available, scientific applications remain in their
infancy requiring improved standardization and communication”’. Counter-
measure discovery and development is an iterative process, requiring constant
evaluation/optimization andvalidation/standardization (bottom-up/top-down)
prior to subsequent implementation to mitigate flight risks that are highlyindividual
and mission-specific (tip of the pyramid). Emergent risks/biomarkers and associated
knowledge gaps reflect dynamicfeedback loops that accelerate experimental activ-
ities during refinement phases. Note the countermeasure ‘crosstalk’ and
organicmulti-disciplinary synergies that exist between human physiology and
countermeasure discovery (inset, upper right). CMcountermeasure; ICE Isolated,
confined, and extreme; ICC isolated, confined, and controlled; GSI/FAIR Facility for
Antiproton andlon Research, ISS International Space Station, AGBRESA Artificial
Gravity BedRest study, BRACE Bed Rest with Artificial gravityand Cycling Exercise
study, BRAVE Bed Rest with Artificial gravity and Vibration and resistance Exercise
study. Photo: ©ESA.Created with BioRender.com.

(Fig. 4B) and organ-specific (Fig. 4C) countermeasures to those
requiring further refinement or de novo development (Fig. 4D).

Furthermore, future selection of more space ‘exposome-resilient’
astronauts also warrants consideration. This extends, for example, to all-
female crews that are potentially smaller in stature, thereby conferring
operational advantages given constrained space habitats and lower bioe-
nergetic demands requiring less food and water®. It may also involve
selecting for gene variants that collectively confer enhanced physiological
resilience to many if not most of these exposomes, and/or intervention-
induced targeted gene expression (e.g., via exercise/hypoxia/hypercapnia
pre-conditioning or polypharmacological manipulation). There are
approximately 79 variants already identified that could prove potentially
advantageous for deep spaceflight™, given functional augmentation in: [1]
exercise responsiveness and vascular oxygen transport, [2] pain tolerance,
[3] bone density and myogenic signalling, [4] radiation resistance, [5] drug
tolerance and [6] geroprotection characterized by suppression of oxidative-
inflammatory-nitrosative stress (OXINOS), tissue rejuvenation, and struc-
tural improvements in the central nervous system and systemic vasculature
subsequent to resetting of circadian programs™”’. Ethical and safety issues
remain a topic of ongoing debate for emergent gene editing technologies,
including the recently established CRISPR-Cas9’'. However, despite these
promising biological capabilities, it is more practical—and consistent with
historical precedent—to focus on improving Environmental Control and
Life Support Systems (ECLSS) and food systems, rather than simply
selecting crews based on reduced water or food requirements. Furthermore,
all agencies—including ESA—have tended to adopt a ‘select out’ rather than
a ‘select in’ strategy; in practice, this means prioritizing technical and
behavioral competence while excluding individuals with medical risk fac-
tors. For the present and foreseeable future, crew survival and well-being in
space will likely depend far more on these selection criteria than on any
potentially protective genotype.

Ultimately and as highlighted, the collective objective of counter-
measures should be to functionally suppress the psychophysiological bur-
den imposed by the exposome dose and establish a personalized state of
‘adaptive homeostasis’ for the integrome—the ‘Goldilocks Zone’ refers to
the optimal dose—not too little, not too much—required to confer optimized
physiological adaptation and resilience (Fig. 4D). However, before this can
be achieved, there is an urgent need by our group of specialists to better
understand and optimize outstanding challenges associated with counter-
measures, continued engagement of crew and MedOps across all interna-
tional partners, selection and monitoring and establishment/modulation of
controlled environments.

Knowledge translation and terrestrial benefits

A more concerted focus on communicating and translating the scientific
challenges to relevant stakeholders, including aerospace and biotechnology
industries, national space agencies, health and regulatory bodies,

international funding councils, policymakers, philanthropic organizations,
academic institutions, and the wider public, is recommended to maximize
impact. This integrative approach should seek to provide novel insight into
the pathophysiology, prevention, treatment, and management of terrestrial
human diseases. It should further reinforce the unique fundamental sci-
entific and biomedical importance of space biomedical research to raise its
funding profile with research councils and to encourage the next generation
of researchers to engage with and advance this specialist field.

Since the early days of space exploration, starting with Project Mercury
(1958-1963)"* and its telemetric monitoring innovations, aerospace research
has contributed to the development of medical technologies. These
advancements have not only benefitted space missions but have also
translated into significant improvements in the understanding and man-
agement of human terrestrial healthcare”, including the potential future
translational application of implementable solutions during pandemics’. In
addition to facilitating healthcare delivery on Earth, examples include
improved LASIK® eye surgery precision, engineering advances for Martian
sample collection that led to biocompatible surgical suture materials, and an
endoscopic robotic surgery arm inspired by robotic repair arms on the ISS™.
Future technological solutions will be required, given humanity’s aspira-
tions to explore deep space beyond Earth vicinity including precision
medicine-based telemetrics that demand more astronaut autonomy in the
early and accurate detection, diagnosis, monitoring, and treatment of
remote health conditions.

Future perspectives and summary

Human spaceflight has always posed significant risks, pushing the ethical
boundaries of acceptable (occupational) health and safety standards for
astronauts. With ambitious plans for crewed orbital missions to Mars likely
extending beyond 1000 days, exploration-class deep space missions will
push these boundaries to new and unchartered extremes, exposing crews to
complex and poorly characterized risks, which could be uncertain,
unforeseen, and challenging to manage.

This White Paper review reflects a consensus statement endorsed by
multidisciplinary specialists convened by ESA to highlight existing knowl-
edge gaps and priorities aligned to the ‘Integrative and Countermeasures
Approach’ in support of the ESA exploration research programme. While
distinctly European in character, there was a broad consensus on the need
for greater international collaboration to promote knowledge exchange
across agencies and commercial partners, given the sheer complexity of the
challenges and the mission timelines ahead. It was agreed that more fun-
damental research is warranted with a dedicated focus on deeper pheno-
typing of the space exposome-integrome conundrum, to better understand
how multiple environmental stressors individually and in combination,
impact integrated aspects of crew health and performance.

Closer integration of precision-based biomarkers, taking full advantage
of recent advances in high-throughput multi-omics platforms and
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Fig. 4 | Current and future countermeasures to de-risk deep space transit and
habitation. A Precision countermeasures collectively encompass Earth-based
(preflight) selection, rigorous medical screening/certification and mission-specific
pre-conditioning involving individual/combinatorial exposure to exposome stres-
sors to accelerate hormetic adaptation. Health screening typically involves age/sex/
ethnicity-specific integrative assessments of all major organ systems including
cardiopulmonary fitness testing, vaccinations, and potential multi-omics profiling to
better inform an astronaut’s individual risk profile. Longitudinal assessments (e.g.,
over 6-12 months) are encouraged to determine the ‘critical difference’ for any given
integrative diagnostic to account for analytical imprecision and biological variation
to establish an astronaut’s individual ‘physiological corridor’ to better interpret
‘clinically important’ space-mediated deviations™*”” (inset, upper left). Inflight
measurements also involve longitudinal monitoring of integrative multi-metric
parameters taking advantage of disruptive medical technologies to inform the per-
sonalized space integrome, with ‘space digital health’ and ‘precision physiology’
placing the astronaut at the ‘point-of-care’. This would provide astronauts with more
autonomy to remotely record, access and analyze biomedical data informing them of
their vital signs, predict if any medical conditions are likely to arise (i.e., deviations
from normative baselines), deploy timely targeted countermeasures, including
treatment(s), and contribute to the shared decision-making processes that inform
their care given unavoidable communication latencies. This mirrors the ‘P4’vision of
medical care, a vision that is predictive, preventive, personalized, and participatory™.
Future selection of more space ‘exposome-resilient” astronauts also warrants
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consideration (see Key knowledge gaps, research priorities, and recommendations
for risk mitigation). B Systemic countermeasures reflect those that are currently
operational and arguably the most commonly deployed (ground and/or flight) with
documented evidence of benefit. In terms of exercise countermeasures, it is worth
highlighting that NASA’s Advanced Resistive Exercise Device (ARED) which has
been crucial for mitigating muscle and bone loss on the ISS since 2009, will not be
available for future missions—highlighting the need to develop alternative,
practically-implementable devices that optimize the systemic (i.e., multi-organ)
responses**"'. C Organ-specific countermeasures reflect those interventions also
known to confer physiological benefit(s), sometimes used in combination with
systemic countermeasures. D Deeper integrated phenotyping of the space
exposome-integrome will help inform optimization of existing countermeasures
and future development of new countermeasures. For example, combinatorial
approaches that integrate multiple interventions—biomedical, behavioral, physical,
environmental, and technological—to mitigate the complex, interacting risks
associated with the space exposome. These strategies are designed to be more
effective than individual measures by targeting multiple systems simultaneously,
acknowledging the interconnected physiology of the human body in space. The
collective objective of countermeasures should be to functionally suppress the
physiological burden imposed by the exposome dose and establish a personalized
state of ‘adaptive homeostasis’ for the integrome. The ‘Goldilock’s’ Zone highlights
the ‘just right’ dose required to confer optimized adaptation/resilience. Created with
BioRender.com.

associated bioinformatics will better inform and guide risk stratification,
reveal unexplored pathways and mechanisms, and shorten times for per-
sonalized countermeasure discovery and development, which will ulti-
mately allow an astronaut to function more safely and at the very highest
level. This continuous endeavour shall include diverse and frequent input
following solicitation from stakeholders outside of the immediate space
science community.

These consultations will further help shape the priorities, that are not
all equal, to enable safe and successful deep space exploration beyond Earth
vicinity, including future mitigation of unexpected, imponderable non-
terrestrial diseases through optimized and personalized countermeasures,
which will likely become a feature of the next generation of space travellers
engaging in prolonged planetary crewed missions. Space agencies and
companies should strive to make their data more accessible to the wider
scientific community; equally, investigators have a responsibility to engage

proactively with these agencies and broaden their searches beyond main-
stream peer-reviewed literature. Since agencies are operational rather than
academic in nature, some of the most relevant information resides in gray
literature, including technical reports and mission documents. Finally, from
new materials and medical breakthroughs to improved environmental/
telemetric health monitoring and resource management, the knowledge
gained through exploration science has the potential to address global
challenges here on Earth.

Data availability
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