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Abstract

Purpose Energy availability underpins both physical and cognitive performance during spaceflight, yet
current metabolic and nutritional models remain largely sex-neutral and focused on musculoskeletal out-
comes. Despite accounting for only 2Methodology Total energy expenditure was modelled using Schofield
equations, with adjustments applied to reflect spaceflight physiological modifiers, including microgravity-
associated unloading, exercise countermeasure energy costs. Male and female metabolic profiles were
modelled under equivalent mission scenarios to estimate absolute TEE and relative energy availability.
A neuroenergetic framework was incorporated by contextualising metabolic outputs against established
cerebral energy demands, particularly under conditions common to long-duration spaceflight such as radi-
ation exposure, microgravity, isolation and confinement, reduced sleep quantity, circadian misalignment,
and sustained cognitive workload. Model outputs were examined to identify conditions under which en-
ergy availability relative to neurocognitive demand may diverge between sexes. Results The modelling
framework demonstrated measurable sex-specific differences in predicted total energy expenditure un-
der spaceflight conditions. When energy expenditure was examined relative to estimated neuroenergetic
demand, scenarios emerged in which equivalent nutritional provisioning resulted in differing margins of
energy availability. These differences were amplified during conditions of circadian disruption and elevated
cognitive workload, suggesting potential sex-specific vulnerability to chronic low energy availability. The
results indicate that energy sufficiency for physical maintenance does not necessarily equate to optimal
energy availability for neuroresilience. Conclusion This study highlights the limitations of sex-neutral
metabolic modelling for long-duration spaceflight and introduces a quantitative framework linking en-
ergy expenditure to neuroresilience. Integrating sex-specific metabolic estimates with neuroenergetic
considerations provides a more precise basis for nutritional planning, workload scheduling, and resource
optimisation. This approach reframes energy availability as a modifiable risk factor for neuroprotection
and supports the development of sex-responsive countermeasures for future lunar and Mars missions.
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