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Abstract

Musculoskeletal degradation remains one of the primary physiological risks in long-duration crewed
spaceflight, characterized by accelerated skeletal muscle atrophy, reductions in bone mineral density
(BMD), and decline in functional performance. Current countermeasures in microgravity environments
primarily emphasize mechanical loading strategies and pharmacological supplementation, while astronaut
nutritional protocols continue to be largely adapted from terrestrial dietary frameworks designed for gen-
eral populations. It is hypothesized that a structured nutritional architecture, specifically designed to
optimize anabolic signaling and metabolic regulation, may function as a primary countermeasure domain
rather than a secondary support variable.

To investigate this premise, a multi-cohort longitudinal intervention was conducted involving several
hundred adults subjected to a standardized nutritional protocol emphasizing protein density (1.6–2.2
g/kg/day), micronutrient sufficiency (including calcium, vitamin D, magnesium, and trace elements),
macronutrient periodization, and strategic nutrient timing aligned with metabolic conditioning. Muscu-
loskeletal outcomes were quantified using validated bioimpedance systems and dual-energy metrics where
applicable, while functional performance was assessed through standardized strength, endurance, and
VOmax tests. Pre- and post-intervention measurements demonstrated statistically significant increases in
lean body mass, maintenance or elevation of BMD markers, and measurable improvements in functional
capacity across age groups and baseline fitness levels.

Although the study was conducted under terrestrial gravity conditions, the reproducibility of anabolic
and structural adaptations supports the model’s utility as a scalable physiological analog for studying
tissue preservation mechanisms relevant to microgravity-induced unloading. These findings suggest that
musculoskeletal decline observed during spaceflight may be partially influenced by limitations in nutri-
tional system design in addition to mechanical unloading effects.

From an operational perspective, targeted nutritional system engineering represents a low-mass, non-
mechanical, and mission-scalable countermeasure capable of enhancing astronaut physiological resilience,
reducing dependence on high-mass exercise hardware, and optimizing crew readiness for extended-duration
lunar and deep-space missions.
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