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Appendix A—Principal Threats to Human Health and Countermeasures
Microgravity and Partial Gravity
Weightlessness removes the gravitational loading that drives bone mineralization and postural muscle maintenance. On the International Space Station (ISS), astronauts lose approximately 1–2% of trabecular bone mineral density per month despite two hours of daily resistive and aerobic exercise, with lumbar vertebrae and proximal femur most affected.1,2 On returning to Earth following a six-month ISS mission, recovery may require a period of over two years. Moreover a Mars expedition where gravity is 38% of Earth’s, presents a tangible fracture risk at the commencement of surface operations. The underlying cell biology involves a dissociation of osteoclast-mediated bone resorption and osteoblast-mediated formation, a process extensively characterised by the Bone Cell Biology and Disease Unit at St Vincent’s Institute of Medical Research.3,4,5
In addition, muscle mass loss, affecting predominantly muscles of the back, thigh, and calf, leads to reduced maximal force output and endurance. Cardiovascular deconditioning manifests as reduced plasma volume, altered cardiac morphology, reduced maximal oxygen uptake (VO₂ max), and orthostatic intolerance upon re-exposure to gravity. Specifically, cephalad fluid shift in microgravity induces hypovolaemia representing a 10–15% reduction in blood volume, with orthostatic intolerance observed in approximately 80% of astronauts following long-duration missions—a scenario of particular hazard at lunar or planetary landing when cardiovascular reserve is most critically demanded.6 Together these changes impose significant functional impairment precisely when mission success depends on physical performance, particularly during lunar or planetary surface extravehicular activities (EVAs).
Space Radiation
Beyond the magnetospheric protection afforded to ISS crews, deep space astronauts are exposed to two primary radiation sources: galactic cosmic rays (GCRs)—high-energy, fully ionized nuclei originating outside the solar system—and solar particle events (SPEs), comprising predominantly protons ejected during solar flares and coronal mass ejections. Galactic cosmic radiation (GCR) comprises a spectrum of particles including high-charge and high-energy (HZE) ions that produce densely ionizing, biologically destructive radiation tracks. Exposure is continuous and largely unavoidable with current shielding technology.
NASA’s radiation exposure limit for astronauts has historically been set at a 3% Risk of Exposure-Induced Death (REID) from cancer, a threshold that limits Mars mission eligibility to older crew members under current shielding assumptions. Projections indicate that astronauts travelling to Mars during heightened solar activity cycles may face up to a 20% reduction in allowable safe days in space under current limits.7 Beyond carcinogenesis, HZE radiation is associated with cardiovascular disease acceleration, cataract formation, central nervous system damage including cognitive impairment, neuroinflammation and reduced synaptic integrity leading to neurodegeneration, and acute radiation syndrome in the event of a major solar particle event (SPE) encountered outside a solar storm shelter.8,9 Non-targeted radiation effects—cellular damage responses propagated beyond directly irradiated cells—are increasingly recognised as a contributor to cumulative risk on multi-mission profiles.10
Spaceflight-Associated Neuro-Ocular Syndrome (SANS)
Spaceflight-Associated Neuro-Ocular Syndrome (SANS), formerly described as visual impairment intracranial pressure (VIIP) syndrome, has emerged as one of the most significant and incompletely understood threats to astronaut health identified in the past two decades. SANS is defined by the presence during or immediately following spaceflight of at least one of: optic disc oedema (≥20 microns increase in peripapillary total retinal thickness), chorioretinal folds, globe flattening, or a hyperopic refractive error shift of ≥0.75D.11 Approximately 70% of long-duration ISS crew members have demonstrated such ophthalmological changes, including optic disc oedema, globe flattening, choroidal folds, cotton wool spots, and hyperopic shifts.12,13 These changes are attributed to cephalad fluid shifts in microgravity elevating intracranial pressure and compressing the optic nerve sheath, though the precise mechanism remains debated.13 Brain anatomical changes occurring during long-duration spaceflight—including perivascular space enlargement and ventricular volume changes—are also being monitored in the astronaut population and may be linked to SANS pathophysiology.14 A more recent hypothesis implicates impairment of the brain’s glymphatic clearance system: microgravity-associated perivascular space enlargement may reduce glymphatic outflow, offering a candidate microscopic mechanism linking cephalad fluid shift to the optic nerve changes of SANS.15 The potential for permanent visual impairment on a multi-year Mars mission is a cardinal concern.16 The mechanistic underpinning of SANS has been substantially advanced by foundational research from the Lions Eye Institute (LEI) at The University of Western Australia (UWA). Professor William Morgan and colleagues established that cerebrospinal fluid pressure (CSFP) exerts an influence on the translaminar pressure gradient equivalent in magnitude to intraocular pressure (IOP). Their work demonstrated that retrolaminar tissue pressure is strongly determined by CSFP, and that optic disc surface position shifts anteriorly with increasing CSFP and posteriorly with increasing IOP.17,18 This work directly underpins the leading biomechanical hypothesis for SANS: that microgravity-induced cephalad fluid redistribution elevates CSFP relative to IOP, reducing or inverting the translaminar pressure gradient and imposing abnormal mechanical strain on the lamina cribrosa. Berdahl, Yu and Morgan further modelled the consequences of sustained zero gravity on this gradient, predicting that the chronically equalized hydrostatic column in microgravity would produce a translaminar pressure profile analogous to that seen in idiopathic intracranial hypertension, with consequent risk of axonal transport disruption at the optic nerve head.19
Circadian Disruption and Sleep Impairment
Sleep disruption is endemic in spaceflight. Astronauts on the ISS average approximately six hours of sleep per night compared to a recommended seven to nine hours, attributable to altered light-dark cycles (sixteen sunrises per 24 h in low Earth orbit, LEO), noise, psychological stress, and workload. Circadian misalignment is compounded by the absence of natural light cues beyond Earth’s atmosphere. Chronic sleep restriction impairs cognitive performance, alertness, emotional regulation, and immune function. On a Mars mission, circadian entrainment is further complicated by the Martian sol of 24 h 39 min, requiring sustained adaptation of the human circadian clock beyond its physiological range.
Cognitive Performance and Behavioural Health
The psychological demands of prolonged isolation, confinement, crew autonomy, and communication delay constitute a major risk category. Behavioural and psychiatric issues including interpersonal conflict, anxiety, depression, cognitive decline, and reduced motivation have been documented in both spaceflight and terrestrial analogue environments such as Antarctic winter-over expeditions and submersible deployments. Neurovestibular disturbance following entry into microgravity temporarily impairs spatial orientation, hand-eye coordination, and locomotion. The 520-day Mars-500 simulation study demonstrated significant inter-individual differences in behavioural and psychological responses to prolonged isolation and confinement, underscoring the importance of identifying predictive biomarkers and psychological traits for crew performance.20 More recent work using three 8–12 month NASA Human Exploration Research Analog (HERA) missions has characterised biobehavioural and psychosocial stress trajectories, identifying cortisol, dopamine, and serotonin metabolites as measurable biomarkers of stress under Mars-analogue isolation conditions.21 The NASA Twins Study further demonstrated persistent cognitive changes following year-long spaceflight, including alterations in processing speed and accuracy on cognitive tests that were partially reversed upon return to Earth.22
The outcome. Combined exposure to deep-space galactic cosmic radiation together with chronic sleep deprivation significantly compounds the risk of cognitive and behavioural deficits during an extended deep space mission. Radiation physically damages the brain's central nervous system, while sleep loss impairs prefrontal cortex functions, creating an environment where astronauts can struggle with critical decision-making and emergency response.
Immunological Dysregulation
Spaceflight induces multifaceted immune dysfunction including redistribution of lymphocyte subsets, reduced natural killer cell cytotoxicity, altered cytokine profiles, and reactivation of latent herpesviruses including Epstein-Barr virus, varicella zoster, herpes simplex, and cytomegalovirus.23,24,25 Clinical symptoms associated with immune dysregulation are reported at approximately 3.4 events per flight year, affecting around 46% of crew members.26 Single-cell transcriptomic analyses have demonstrated that as little as 25 h of simulated microgravity perturbs interferon signalling, cytoskeletal organisation, and innate inflammatory pathways in circulating immune cells, with documented upregulation of FOXP3 and suppression of major histocompatibility complex (MHC) class I gene expression in T-cells.23,27 Longitudinal multi-omics analysis of the Inspiration4 civilian spaceflight crew demonstrated time-dependent, multi-kingdom microbiome changes across ten body sites, with pan-phyletic viral activation and persistent oral microbiome shifts correlating with immune cell gene expression—highlighting the critical importance of maintaining microbiome homeostasis for astronaut health.28 The degree of immunosuppression correlates with mission duration. On a Mars mission, with no possibility of rapid medical evacuation and constrained pharmaceutical resources, immune compromise capable of permitting opportunistic infection or uncontrolled viral reactivation represents a life-threatening contingency.
Nutrition and the Gut Microbiome
Nutritional adequacy in space is constrained by limited food variety, degradation of nutrient content in long-duration stored rations, altered taste perception, reduced appetite secondary to psychological and physiological stressors, and altered gastrointestinal motility. Specific micronutrients critical to bone health (calcium, vitamin D), antioxidant protection (vitamins C and E, selenium), and neurological function (B vitamins, omega-3 fatty acids) may become deficient. The gut microbiome, increasingly recognised as integral to immune, metabolic, and neurological health, is substantially perturbed during spaceflight, with implications for all of the above domains.
Exercise Countermeasures
Current exercise countermeasures on the ISS involve the Advanced Resistive Exercise Device (ARED), a cycle ergometer, and a treadmill with a subject loading device. Despite two hours of daily exercise, bone and muscle losses remain incompletely prevented and individual responses vary considerably.29 The mass, volume, and power constraints of deep space vehicles preclude direct replication of ISS exercise equipment. Novel approaches including lower body negative pressure (LBNP), electrical muscle stimulation, and pharmacological anabolic adjuncts are under investigation but none has achieved operational readiness for Mars.30,31 Blood flow restriction training (BFRT)—which combines low-load exercise with vascular occlusion to produce high-intensity training adaptations with reduced mechanical loading—has emerged as a promising space-efficient countermeasure strategy for maintaining musculoskeletal and cardiovascular health within the equipment constraints of a deep space vehicle.32 Musculoskeletal unloading also disrupts the irisin-FNDC5 axis that links muscle and bone homeostasis, a pathway increasingly relevant to pharmacological countermeasure design.33
Radiation Countermeasures
Current radiation countermeasures are limited. Passive polyethylene shielding reduces secondary neutron production but is insufficient to attenuate high-energy GCR. Active electromagnetic shielding concepts remain technologically immature. Pharmacological radioprotectants such as amifostine are effective pre-exposure agents for SPE scenarios but systemic toxicity limits their suitability for chronic GCR prophylaxis. Antioxidant supplements, melatonin, and dietary interventions have been investigated but evidence of efficacy in the space radiation environment is limited. More recently, attention has turned to repurposed pharmaceuticals with favourable safety profiles—notably metformin, which has demonstrated radioprotective and mitochondrial-protective activity in irradiated cellular and rodent models—as candidate radiomitigators for chronic low-dose-rate space exposure, alongside high-throughput screening of approved drug libraries against simulated GCR.34 Identification of reliable biomarkers for radiation-induced health changes, enabling personalised risk monitoring, is an active research priority.
Behavioural Health and Cognitive Countermeasures
Psychological support infrastructure for ISS crews includes regular contact with psychologists, family communication, recreational provisioning, and periodic crew monitoring. Autonomous medical capability for behavioural health is less developed: validated screening instruments, artificial intelligence-assisted mental health monitoring, and crew-administered cognitive behavioural therapy modules are in development but not yet operationalized for deep space. Neurocognitive monitoring tools capable of distinguishing radiation-induced change from sleep deprivation from psychiatric symptomatology remain a major gap.
SANS Countermeasures
No proven countermeasure for SANS exists. Strategies under evaluation include lower body negative pressure garments to oppose cephalad fluid shifts, dietary sodium restriction, pharmacological approaches targeting intracranial pressure, and novel exercise protocols. Artificial gravity generated by centrifugation has also been proposed as a broad-spectrum countermeasure that may simultaneously address SANS and other microgravity-related deconditioning by restoring gravitational loading to the cardiovascular and neurovestibular systems.35 Dedicated mechanical countermeasure trials—including lower body negative pressure and venoconstrictive thigh cuffs evaluated during 30-day head-down-tilt bed rest as a ground analogue for the cephalad fluid shift of spaceflight—are now being conducted to test whether opposing the fluid shift can prevent ocular structural change.36 The development of non-invasive intracranial pressure monitoring is a high-priority research need, as is determination of the relative contributions of fluid dynamics, optic nerve sheath anatomy, and individual genetic susceptibility. Professor William Morgan’s group at the LEI has conducted sustained research into non-invasive estimation of intracranial pressure through retinal venous pulsation analysis, techniques with direct applicability to in-mission intracranial pressure (ICP) monitoring for SANS surveillance without requiring lumbar puncture.17,18 Most recently, Morgan et al. published a retinal photoplethysmographic technique that measures retinal vein pulsation amplitudes and demonstrated a significant correlation between pulsation amplitude change and estimated cerebrospinal fluid (CSF) pressure change across postures designed to mimic the hydrostatic range encountered in spaceflight analogue conditions (p < 0.0001).37 This non-invasive CSF pressure measurement apparatus represents a potentially deployable tool for continuous ICP monitoring aboard the ISS, Gateway, or a Mars transit vehicle.
Table I. Key Unresolved Challenges for Mars-Duration Spaceflight
	Radiation: No operational countermeasure for chronic GCR exposure; individual risk modelling limited by incomplete radiobiology data
SANS: Mechanism incompletely characterised; no validated treatment or prevention strategy
Cognitive decline: Multifactorial etiology; limited tools for in-mission monitoring and intervention in communication-delayed environments
Exercise: Equipment mass/volume constraints preclude ISS-equivalent countermeasures; alternative approaches require clinical validation
Immune competence: No approved immunomodulatory strategy for spaceflight; latent virus reactivation risk incompletely quantified
Nutrition: Long-duration food degradation; gut microbiome disruption; optimal supplementation protocols undefined
Psychological autonomy: Validated, crew-administered psychiatric and cognitive support tools not yet operationally available





Appendix B—Australian Research Capability
An Early Initiative
During 1997 the author worked with the then NASA Representative to Australia to initiate a meeting in Canberra between medical researchers from the Johnson Space Center (JSC) and staff from the National Health and Medical Research Council (NHMRC). While no formal commitment ensued, interest continued from eminent researchers such as Professor John Eisman of the Garvan Institute for Medical Research; Professor Robert Porter, Dean of the Faculty of Medicine at Monash University; Jan Edmonds, Austin and Repatriation Medical Centre; Dr John McDougall, Howard Florey Institute of Experimental Physiology and Medicine; Dr Carolyn Mountford, Executive Director of the Institute for Magnetic Resonance Research; Dr Desmond Lugg, Head of Polar Medicine at the Australian Antarctic Division; Dr Eric Donaldson, Director of Medical Services at Qantas; and Professors Brian Thomas and Bruce Cornish from Queensland University of Technology’s Centre for Medical and Health Physics.
Radiation Biology
Australian institutions hold substantial capability in radiation biology and oncology. The Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) maintains national radiation dosimetry and biological effects expertise. The Peter MacCallum Cancer Centre, University of New South Wales (UNSW) Sydney, and the University of Adelaide host research programmes in DNA damage response, radiation-induced carcinogenesis, and radioprotection that are directly applicable to space radiation risk modelling. The Centenary Institute (Sydney) contributes expertise in radiation biology and genomic instability relevant to GCR-induced health effects. The Australian Nuclear Science and Technology Organisation (ANSTO) operates the Open Pool Australian Lightwater (OPAL) research reactor and provides access to neutron and ion beam platforms relevant to simulating space radiation particle tracks.
A specific opportunity exists for Australian researchers to contribute to NASA’s Space Radiation Laboratory (NSRL) collaboration network, developing novel HZE ion radioprotectants and contributing to the NASA Space Radiation Health Project’s biological dosimetry and biomarker discovery programmes. Australia’s established clinical trials infrastructure and regulatory framework facilitate translation of promising radioprotectant candidates through pre-clinical and Phase I studies in a timely manner.
Exercise Physiology and Musculoskeletal Medicine
Australia has a globally recognised research tradition in exercise physiology, sports medicine, and musculoskeletal science. Institutions including the Australian Institute of Sport (AIS), the University of Queensland, Monash University, and Deakin University have published extensively on skeletal adaptation to loading and unloading, muscle satellite cell biology, and targeted exercise intervention. The AIS holds particular expertise in applied resistance training methodology and wearable sensor integration for performance monitoring, both of which are directly translatable to the challenge of designing mass- and power-efficient exercise countermeasures for deep space vehicles.
Pharmaceutical approaches to anabolic augmentation, including selective androgen receptor modulators (SARMs) and myostatin inhibitors, are active research interests at several Australian institutions, with potential application as adjuncts to reduced-volume exercise countermeasures in space.30,31 GSK3 inhibitors have additionally emerged as candidate pharmacological countermeasures that may simultaneously address both bone and muscle atrophy, representing a particularly promising dual-target research direction.38 The Garvan Institute of Medical Research has made internationally recognised contributions to bone anabolic pharmacology, particularly through the development and evaluation of anti-sclerostin antibody (romosozumab), which targets the Wnt/β-catenin pathway to simultaneously stimulate bone formation and reduce resorption.39,40 Research into electrical muscle stimulation protocols, LBNP, blood flow restriction training, and vibration platforms as bone-loading adjuncts offers further contribution potential.
Sleep Science and Circadian Biology
Australian sleep research is internationally prominent. The University of Adelaide’s Robinson Research Institute, the Monash Institute of Cognitive and Clinical Neurosciences, and the Cooperative Research Centre (CRC) for Alertness, Safety and Productivity have produced internationally cited work on circadian rhythm disruption, sleep deprivation effects on cognition and safety, and light-based circadian countermeasures. The Woolcock Institute of Medical Research at the University of Sydney and the Turner Institute for Brain and Mental Health at Monash University further extend this national capability with world-class expertise in sleep disorders and neurocognitive consequences of sleep disruption. Notably the Woolcock Institute’s Sleep and Circadian Research Group studies circadian rhythm sleep–wake disorders and melatonin-based countermeasures 41 and operates a chronobiology laboratory capable of time-isolation protocols under controlled light spectra, a close domestic analogue to the altered light–dark cycle of spaceflight. The Adelaide Institute for Sleep Health, associated with Flinders University, hosts expertise in chronobiology and performance modelling under sleep restriction that maps directly onto operational space mission challenges.
The South Australian Health and Medical Research Institute (SAHMRI) Circadian Physiology team and colleagues at the University of Sydney have expertise in circadian re-entrainment protocols and pharmacological (melatonin, wake-promoting agents) and non-pharmacological (light therapy, scheduling) countermeasures, with emerging research also exploring gut microbiota modulation as a novel circadian regulatory strategy. The Florey Institute of Neuroscience and Mental Health contributes foundational neuroscience on the orexin/hypocretin system, which is critical for maintaining consolidated wakefulness and cognitive performance during sleep restriction.42,43 Orexin receptor antagonists represent a precision pharmacological approach to managing spaceflight sleep disruption without compromising next-day cognitive function.42,43 Australia’s expertise in 24-h operations in remote mining and offshore industries provides an applied context for developing and validating countermeasures for circadian disruption in environments with limited personnel and significant safety consequences—a model directly applicable to a Mars crew of four to six.
Cognitive Performance and Neuroscience
Cognitive performance research in Australia is strong and diverse. The University of Melbourne’s Melbourne School of Psychological Sciences, Queensland Brain Institute, and the Brain Research Institute at the University of Sydney conduct internationally competitive work in attention, executive function, emotional regulation, and neural plasticity. Research at the Human Factors and Applied Cognitive Psychology Group at UNSW Canberra is particularly relevant to complex operational environments. Australia’s broader neurodegeneration capability includes the Florey Institute of Neuroscience and Mental Health, the nation’s largest brain-research institute, whose programmes in neurodegeneration and neuroinflammation, supported by established neuroimaging facilities, constitute terrestrial expertise relevant to the radiation-induced central nervous system effects—neuroinflammation and neurodegeneration—identified earlier as a long-duration spaceflight risk.
Of particular value is Australian expertise in neurocognitive performance monitoring in operational settings, including aviation, road transport, and military applications. Collaboration between the Defence Science and Technology Group (DSTG) and university partners has produced wearable neurophysiological monitoring tools and machine learning-based alertness prediction models applicable to the development of autonomous crew health monitoring systems for deep space.
Isolated, Confined and Extreme Environment Medicine
Australia’s long-standing commitment to Antarctic research through the Australian Antarctic Division (AAD) has generated a unique cohort of scientific expertise in human adaptation to isolated, confined, and extreme (ICE) environments. The AAD’s winter-over programme, in which small crews spend up to fourteen months at Davis, Mawson, or Casey stations, represents one of the world’s premier natural analogues for Mars mission crew dynamics, autonomy, group isolation, and the physiological effects of light deprivation and cold stress.
Research conducted in collaboration with the AAD, including projects at the University of Tasmania and the University of Melbourne, has examined: mood, team cohesion and conflict under prolonged isolation; cognitive decline over winter-over expeditions; autonomic nervous system and immune biomarkers of ICE environment stress; and the physiological consequences of chronobiological disruption at high latitudes. This body of work has direct translational relevance to Mars crew selection, team composition, psychological countermeasure design, and autonomous medical capability.
This tradition is now being directed at spaceflight itself. Since 2023 the AAD has partnered with NASA’s Translational Research Institute for Space Health to study expeditioner and astronaut health jointly.44 In the partnership’s first project, led by an AAD medical practitioner (Dr John Cherry), expeditioners with no sonography training follow structured, step-by-step protocols to acquire diagnostic-quality ultrasound images with a handheld probe—scanning the eye, internal jugular vein, heart, kidneys, and bladder, some rehearsing first on a gel ‘phantom’—which are then reviewed off-site by specialists through store-and-forward telemedicine rather than interpreted on the spot. This is precisely the autonomous, expert-independent point-of-care imaging that deep-space crews will require when no sonographer is aboard and communication latency precludes real-time guidance.
Immunology and Infectious Disease
The COVID-19 pandemic accelerated Australian capability in clinical immunology, virology, and vaccine development, with major investments made in infrastructure at the Doherty Institute, Kirby Institute, QIMR Berghofer, and SA Health and Medical Research Institute. This capability base is directly relevant to the space-medicine challenge of immune dysregulation and latent viral reactivation.
Australian researchers could contribute to NASA’s Immunology Programme through studies of herpesvirus reactivation biology, novel immunomodulatory strategies including targeted cytokine regulation, and the development of rapid point-of-care diagnostic platforms for use in resource-constrained environments. The Walter and Eliza Hall Institute of Medical Research (WEHI), with its century-long history of immunological discovery and internationally recognised programmes in natural killer (NK) cell biology, T-cell function, and cytokine regulation, is particularly well positioned to contribute to spaceflight immunology.23,24 The Microbiome Research Centre at St George and Sutherland Medical School (UNSW Sydney) and the Frazer Institute at the University of Queensland hold significant expertise in microbiome biology and immune regulation that maps directly to the identified immune dysregulation and microbiome disruption challenges of long-duration spaceflight. Probiotic countermeasure development to maintain microbiome homeostasis during spaceflight represents a commercially viable and nationally beneficial research direction. Dermatological conditions—the most prevalent medical presentation in the microgravity environment, driven by altered skin pH, impaired immune function, and skin microbiome dysbiosis—represent an additional area where Australian dermatology and microbiome research strengths are applicable.45 The Commonwealth Scientific and Industrial Research Organisation (CSIRO)’s synthetic biology and rapid diagnostic platforms programme, accelerated under pandemic response mandates, offers direct translational value.
Nutrition, the Gut Microbiome, and Metabolism
Australia’s research strength in nutritional science, including the work of the Baker Heart and Diabetes Institute, CSIRO Health and Biosecurity, and Deakin University’s Institute for Physical Activity and Nutrition, provides a foundation for contributions to space nutrition science. The emerging field of the gut microbiome has attracted significant Australian investment, including through the Australian Research Council (ARC) and NHMRC programmes. Research into diet-microbiome-host interactions under conditions of altered physiology, stress, and dietary monotony is of direct relevance to long-duration spaceflight.
CSIRO’s Total Diet Study and nutritional biofortification research programmes, combined with expertise in novel food processing and preservation technologies, offer a distinctive contribution to the design and evaluation of shelf-stable, nutritionally adequate food systems for Mars missions.
Telemedicine and Remote Healthcare
Australia’s unique geography has driven innovation in telemedicine, remote health service delivery, and rural clinical capability. The Royal Flying Doctor Service (RFDS)—which annually serves approximately 329,000 patient contacts across 7.69 million km² and represents a world-leading operational model for remote and autonomous medical care—together with telehealth programmes developed for remote Indigenous communities and digital health platforms deployed in mining and offshore environments, constitute an applied industrial base of direct relevance to the development of autonomous medical systems for deep space. On a Mars mission, communication delays of up to 24 min one-way render real-time physician support impossible; clinical decision support systems, automated diagnostic algorithms, and crew-operated surgical and medical equipment must substitute.
The Telehealth Australia initiative and allied research at Flinders University, James Cook University (JCU), and the University of Queensland Rural Clinical School have produced validated frameworks for remote clinical assessment, decision support, and procedural training. Integration of these frameworks with space-medicine requirements—in partnership with ESA’s MELiSSA project and NASA’s Space Medicine Operations Division—represents a high-value collaboration opportunity for Australia.

Commercial and Industry Partners
Australia’s emerging space industry includes companies with directly relevant human performance capabilities. Saber Astronautics (Sydney and Denver) has developed the Responsive Space Operations Centre and conducts astronaut training and mission support activities. Electro Optic Systems has defence and space sensor expertise applicable to crew monitoring. CardieX Limited (Sydney), through its ATCOR technology for non-invasive central aortic blood pressure assessment, represents a particularly relevant Australian industry capability for real-time in-flight haemodynamic monitoring. Electro Optic Systems (EOS) Space Systems, Silentium Defence, and several emerging ventures in satellite technology and launch services create a commercial ecosystem that could anchor industry-linked research programmes in space medicine analogous to those supporting commercial aviation medicine in Australia.
Table II. Summary of Space Medicine Priority Domains, Key Challenges, and Recommended Australian Contributions
	Domain
	Key Unresolved Challenge
	Recommended Australian Contribution

	Space Radiation
	No operational GCR countermeasure; individual risk modelling limited
	ANSTO ion-beam radiobiology; ARPANSA dosimetry; oncology institute radioprotectant trials

	Musculoskeletal Deconditioning
	Reduced-volume exercise countermeasures not validated for Mars vehicle constraints
	AIS and university exercise physiology; SARM and myostatin inhibitor trials; wearable loading devices

	Circadian & Sleep Disruption
	Non-24-h circadian entrainment protocols; chronic sleep restriction management
	Flinders/Adelaide circadian biology; mining industry operational analogues; phototherapy optimisation

	Cognitive Performance
	Radiation- and sleep-related cognitive decline; autonomous in-mission monitoring
	UNSW Canberra human factors; DSTG wearable neuromonitoring; machine learning (ML) alertness prediction

	SANS
	Mechanism unclear; no validated countermeasure
	LEI/UWA translaminar pressure expertise (Morgan et al.); collaborative optic nerve biomechanics research; non-invasive ICP monitoring device development

	Behavioural Health
	Autonomous psychiatric support; crew selection for Mars profile
	AAD Antarctic analogue; ICE environment psychology; telepsychiatry platform development

	Immunology
	Latent virus reactivation management; immunomodulatory strategy for chronic spaceflight
	Doherty/Kirby Institute herpesvirus research; CSIRO rapid diagnostics; vaccine adjuvant science

	Nutrition & Microbiome
	Long-duration food degradation; gut dysbiosis effects on health performance
	CSIRO food technology; Baker Institute metabolomics; ARC gut microbiome programme

	Remote/Autonomous Medicine
	Real-time clinical support unavailable beyond ~20 light-minutes; crew-operated procedures required
	RFDS telemedicine frameworks; Flinders/JCU remote medicine; automated clinical decision support





Appendix C—A Minimum-Viable, Costed Sequence
The constraint that disciplines all of the above is that the Australian Space Agency’s (ASA) entire annual appropriation is of the order of A$21.7 million and faces a funding cliff in 2028; no proposal denominated in the hundreds of millions, and no proposal that assumes the space agency itself is the funder, is realistic.46 A financially and politically acceptable strategy must therefore be sequenced so that the earliest steps cost almost nothing new, and each phase generates the evidence that justifies the next. The following sequence is illustrative, and is consolidated as a one-page roadmap in the Appendix D.
	Phase / timing
	Indicative cost & source
	Core move and rationale

	Phase 0—Coordinate, not build (Year 0–1)
	~$0.1–0.3M; absorbed in-kind via the existing ASA space-medicine roadmap function and participating professional bodies.
	An MoU network with one named convenor and a part-time secretariat, not a new building. Sole deliverable: a costed national capability map separating already-funded dual-use research from work requiring new money, plus a ranked shortlist of priority bets.

	Phase 1—Tag, not fund (Year 1–2)
	~$0.5–2M; an existing NHMRC/ARC grant or modest top-up; AAD operating budget already committed.
	Instrument the Antarctic winter-over cohort and resource-industry analogues with standardised biomedical and psychological protocols. Marginal cost only; outputs are publishable terrestrial science requiring no flight to justify them.

	Phase 2—Buy access in kind (Year 2–3)
	~$1–3M; fellowships and travel, partly defence-funded.
	Avoid ESA membership. Secure principal-investigator roles in ground-based NASA Human Research Programme (HRP) studies on a no-exchange-of-funds basis, and engage ESA SciSpacE in kind through data-sharing, Topical Teams, and the winter-over cohort as a Concordia analogue, with deeper SciSpacE access via the Cooperation Agreement now under negotiation.

	Phase 3—Small ring-fenced stream (Year 3–5)
	~$5–10M over five years; first genuinely new money, co-funded with defence.
	Request modest new appropriation only now, justified by the terrestrial-dividend evidence generated in Phase 1. Lead with autonomous medicine, whose domestic returns stand regardless of any flight.



The logic of the sequence is that each phase funds the credibility of the next: Phase 0 produces the map that targets Phase 1; Phase 1 produces the data that is the in-kind ticket in Phase 2 and the evidence base in Phase 3. By the time new appropriation is sought, government is asked to scale something already returning terrestrial value, not to bet on a capability audit. Cumulative new expenditure across the sequence remains below a single year of the ASA’s current appropriation.

Appendix D—A Minimum-Viable National Strategy (One-Page Roadmap)
The following is a costed, sequenced roadmap for politically and financially acceptable Australian engagement with the Artemis, Mars, and Terrae Novae programmes.
The disciplining constraint. The ASA’s entire annual appropriation is ~A$21.7 million and faces a funding cliff in 2028. This roadmap therefore spends almost nothing new for two years, never assumes the space agency is the funder, and sources money from where it already flows—existing competitive grants, the Antarctic programme’s operating budget, and rising defence human-performance lines.
	Phase / timing
	Indicative cost & source
	Core move and rationale

	Phase 0—Coordinate, not build (Year 0–1)
	~$0.1–0.3M; absorbed in-kind via the existing ASA space-medicine roadmap function and participating professional bodies.
	MoU network with one convenor and a part-time secretariat—not a new building. Deliverable: a costed national capability map separating already-funded dual-use research from work needing new money, plus a ranked shortlist of bets.

	Phase 1—Tag, not fund (Year 1–2)
	~$0.5–2M; existing NHMRC/ARC grant or modest top-up; AAD budget already committed.
	Instrument the Antarctic winter-over cohort and resource-industry analogs with standardised protocols. Marginal cost only; outputs are publishable terrestrial science needing no flight to justify them.

	Phase 2—Buy access in kind (Year 2–3)
	~$1–3M; fellowships and travel, partly defence-funded.
	Avoid ESA membership. Secure PI roles in ground-based NASA HRP studies on a no-exchange-of-funds basis, and engage ESA SciSpacE in kind through data-sharing, Topical Teams, and the winter-over cohort as a Concordia analogue, with deeper SciSpacE access via the Cooperation Agreement now under negotiation.

	Phase 3—Small ring-fenced stream (Year 3–5)
	~$5–10M over five years; first new money, co-funded with defence.
	Request modest new appropriation only now, justified by Phase 1 terrestrial-dividend evidence. Lead with autonomous medicine, whose domestic returns stand regardless of any flight.




Why the sequence is the strategy
Each phase buys the credibility of the next ask. Phase 0 produces the map that targets Phase 1; Phase 1 produces the data that is the in-kind ticket in Phase 2 and the evidence base in Phase 3. By the time new appropriation is requested, Treasury is not betting on a capability audit—it is scaling something already returning terrestrial dividends. Cumulative new spend stays below a single year of the space agency’s own budget.
The method has an international template. Canada, a middle power on a fraction of the major agencies’ budgets, chose a single domain—space robotics—and built the Canadarm lineage no partner could easily substitute into a durable seat at the table: astronaut flights, Space Station access, and a role on the lunar Gateway.47 The lesson for Australia is to copy the method, not the domain: space medicine is the niche, dual-use by construction, entered in-kind through the Antarctic cohort, shared data, and differentiated expertise. Canada also pays a scaled contribution for its formal ESA standing, and Australia may in time do likewise through the Cooperation Agreement now under negotiation; but that is a way to escalate, not a precondition.
The sequence also frames the one large, discrete decision now before government. Australia has a qualified astronaut, ESA-trained—Katherine Bennell-Pegg, the first candidate to complete basic astronaut training with ESA—and a formal ESA offer for her to undertake an International Space Station mission, projected around 2028 at a cost exceeding A$100 million and confirmed to be under negotiation.48 That decision belongs to a different envelope from the one this document addresses: it is a strategic and diplomatic investment, properly weighed on alliance, sovereign-capability and workforce grounds, funded outside the space-medicine and civil-science budgets, and the sequence set out here neither depends upon nor is displaced by it. The two—a flight and the coordinated, dual-use space-medicine programme described in this Supplementary Information—are nonetheless mutually reinforcing. A crewed flight’s scientific value depends on the experiments it carries, and that programme is what would supply them: flight-ready, ground-validated protocols in autonomous ultrasound, bone and muscle countermeasures, radiation biology and neuro-ocular monitoring, developed at marginal cost through existing NHMRC, ARC, AAD and defence channels, for an Australian astronaut to run in orbit against the Antarctic and analogue cohorts as terrestrial controls. Supplying that payload is what would make a flight scientifically productive and nationally attributable, rather than merely emblematic. Established now, the programme returns value whether or not a flight is funded. Because a protocol is information rather than a consumable, the same work can be offered to ESA and NASA as an in-kind contribution and retained for domestic use, leaving Australia ready to exploit an ISS opportunity before the Station’s retirement around 2030.

Design rules applied throughout
The tenets of this sequence are fourfold:
a. Don’t request new money until evidence justifies it.
b. Source funds from where they already flow and are politically defensible.
c. Make the terrestrial dividend the headline; space is the forcing function.
d. Give it an owner with an existing mandate and budget—no new orphan body.
Caveat. Cost figures are indicative orders of magnitude, not detailed costings: the instrumentation and in-kind steps are scaled against competitive Australian research grants—ARC Discovery Projects provide up to A$500,000 a year for up to five years, with NHMRC project grants of comparable or larger scale 49—and the in-kind route costs a fraction of cooperating-state membership. Whether defence human-performance funds can be applied to ostensibly civilian space-medicine research depends on programme boundaries not visible from open sources and would need confirmation with the relevant agencies before this is more than a sketch.
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