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Abstract

Human spaceflight and analog astronaut missions impose sustained circadian phase instability due
to confinement, reduced or absent natural light–dark cues, and dynamically changing Mission Sched-
ules governing extravehicular activity (EVA) and intravehicular activity (IVA). These conditions disrupt
sleep–wake timing, autonomic regulation, metabolic function, and cognitive performance, showing a loss
of biological coherence. Chrononutrition is the temporal alignment of food intake with endogenous circa-
dian biology, and it represents a metabolic timing signal capable of modulating mitochondrial oxidative
metabolism and redox dynamics, processes increasingly recognized as coherence-sensitive within quantum
biology I A structured observational protocol was deployed across six MMAARS virtual-analog astronaut
crews (N = 24) under mission-simulated temporal constraints. Over a two-day mission window, partici-
pants recorded meal timing and self-reported energy stability, cognitive clarity, sleep quality, and stress
states. In parallel, autonomic–cardiovascular adaptation and congruence variables were evaluated using
wearable systems, including heart rate (HR), heart rate variability (HRV), respiratory rate (RR), pulse
rate (PR), blood pressure (BP), and sleep timing and continuity. All physiological data streams were tem-
porally aligned with the Mission Schedule phase, enabling phase-resolved analysis of feeding windows, sleep
onset, autonomic recovery, and perceived performance. The study was conducted within the MMAARS
analog mission architecture, where crew-integrated agentic artificial intelligence functioned as operational
and behavioral health infrastructure under human-in-command governance. These systems do not pro-
vide diagnostic or therapeutic recommendations at this stage. Virtual crews continue in iterative cycles to
strengthen reproducibility. Institutional review board–governed in-person habitat missions beginning in
July at the MMAARS Mojave Desert analog site will evaluate the same phase-aligned protocol under real
confinement, habitat lighting, EVA/IVA workloads, and Mission Schedule–driven circadian perturbation.
Circadian-aligned feeding windows were associated with improved perceived energy stability, enhanced
sleep continuity, greater cognitive clarity, and increased autonomic stability. Temporal misalignment cor-
related with fatigue, sleep disruption, and reduced HRV-derived coherence. Circadian-aligned feeding was
further associated with higher nocturnal vagal modulation during scheduled sleep periods, reflecting bet-
ter phase coupling between metabolic timing, sleep onset, and autonomic recovery. These observations are
consistent with the time alignment of nutrient availability with the circadian phase of mitochondrial ox-
idative metabolism and imply increased energetic efficiency through phase-aligned metabolic input. This
longitudinal, phase-resolved human platform supports development of countermeasures for long-duration
spaceflight and has dual-use terrestrial applications in environments defined by confinement and circadian
disruption.
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