Spaceflight Food System: Impacts to Nutritional Adequacy, Health, Performance, and Resources in Space Exploration
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Introduction
Despite high physical standards and training protocols, physiological and behavioral decrements have been documented in astronauts on both short (1-2 weeks) and long (6+ month) missions in spaceflight, including dysregulation of the immune system, cardiovascular and musculoskeletal deconditioning,  ophthalmic changes, weight loss, and increased stress and fatigue. Optimizing food and nutrition intakes are key underpinnings for the proper function and performance of all physiological systems and the resulting physical and behavioral health and performance outcomes of astronauts. Much has been learned about the role of nutrition in human health on Earth over the past hundred years, from the identity and role of specific vitamins to the importance of the quantities of some nutrients to immune function. The requirements for providing adequate nutrition to astronauts seem obvious. However, providing a safe, reliable, and nutritious food system for space exploration missions remains a challenge 1.  In fact, food is one of the greatest resource and logistical challenges, which is part of why it remains a “red” risk for Mars missions2. 
There are three key concepts leading to this red risk status for the food system.
1. The food system itself. There is no precedent for providing a shelf stable food system that maintains safe, nutritious, and acceptable food for at least five years to meet operational logistics requirements (e.g., food production, packaging, prepositioning for launch, prepositioning in space). The International Space Station (ISS) foods have a shelf life of 1.5 to 3 years before some quality parameters and nutrient contents degrade to unacceptable levels. For comparison, the U.S. combat rations meals-ready-to-eat (MREs) are expected to have a 3 years shelf life but their use is limited to up to 21 consecutive days to prevent performance and health impacts from extended consumption3. Limited use timelines are not an option for space exploration missions. Likewise, supplements are not a solution to replace a food system as they do not provide calories, they do not replace the thousands of bioactive compounds in a variety of whole foods, and they can also degrade over time4. 
In addition to the standard food system on ISS, resupply vehicles bring fresh produce and other preference and holiday foods on a regular basis, which provides around 20-25% of the foods that crew consume. Astronauts often comment on the importance of fresh produce and crew preference selections, but these will not be available on long-duration exploration missions4.
[bookmark: _Hlk83555310]2. The impact of the food system on health and performance. Food must be consumed to be nutritious.  Although commonly assumed that high performers will eat whatever it takes, food quality, familiarity, variety, and food centric celebrations become more important to crew with distance from Earth, length of mission, and isolation5. As a result, astronauts often don’t eat enough, and weight loss is the first order result. Weight loss has averaged 5% of body mass in most spaceflight programs to date6, 7. Weight loss is an indicator of nutritional intake and nutritional status. Astronauts are in peak physical condition at launch and they exercise for up to two hours daily in spaceflight, so weight maintenance is critical to their health and performance6. Astronauts are expected to work at extremely high cognitive and physical levels, but to date there have been limited studies during flight investigating links between dietary intake, weight loss, and health and performance outcomes, including sleep. Although there may be performance decrements in spaceflight (indicated by loss of muscle mass, related to both inadequate food intake and exercise), and there are health decrements, there have been limited or no investigations on the specific role of food intake. For example, it is well established that ISS astronauts manifest diminished T and NK cell function during spaceflight as well as persistent inflammation and the reactivation of latent viruses8, 9.  Select crews experience clinical symptoms including atopic dermatitis, atypical allergy, and various infectious diseases10, 11.  Despite potential links to the food system12, studies investigating this phenomenon in relation to nutritional status in spaceflight are lacking. This is more concerning given that quality of some foods and some nutrients degrade over time13, 14, and investigations into food system limitations, intake over time, and health and performance in healthy, high-performing, populations are extremely limited.
3 – The impact of the food system on resources. In conflict with the first two concepts, all vehicle programs need to reduce resource requirements (e.g. mass, power, volume, crew time) to enable space missions. Food is one of the greatest resource consumers of human spaceflight, primarily impinging on mass and volume. This is further confounded by the fact that there is an inverse relationship between food density and nutritional value; that is, the most nutritious foods are often the least calorically dense, and the most acceptable food systems that promote the best quantity and quality of intake require a wide variety of healthy and high-quality choices. 
These challenges have been reviewed in more detail previously15. 
Space vehicle programs tend to focus on this third concept, as this can enable or prevent a mission at the outset. Unfortunately, although reductions in food quantity and quality often seem an easy solution, history has shown that these type of reductions are a primary cause for mission failure and loss of life16. Despite this, given Artemis mission planned durations, and lack of data indicating a health and performance link, Artemis vehicle programs (e.g., Orion, Gateway, Human Landing System) are reducing food resources. For one example, Artemis missions may not have hot water on any phase of the mission. This comes despite longer anticipated mission durations than Apollo missions, even though Apollo astronauts were adamant in stating that hot water was non-negotiable17. In another example, the crew may not have any capability to heat food at all for some phases of the mission. These trades are being made by programs with the expectation that decrements may be seen in weight loss, but there are no data available that quantifies the risk, especially links between cognitive or physical performance decrements and inadequate food intake or nutritional status. It is noteworthy that a team of interdisciplinary scientists recently, when formulating a countermeasure protocol for deep space missions specific to rectify the immune problem, specifically included the importance of maintaining nutritional status18, 19.   
There is ground-based evidence linking food and nutrition intake and cognitive and physical performance, but most of these studies were done with elderly, malnourished, or otherwise ill populations. Few studies have been conducted with healthy, high-performing populations, where the goal would be to understand where physical and cognitive decrements may begin in relation to inadequate nutritional intake, especially at planned levels of exercise and energy restriction expected on Artemis missions. Military studies indicate physiological decrements beginning at 10% body mass loss, but studies at these lengths were completed more than 20 years ago, generally with younger populations, and with less sensitive measures than exist today. These studies also led the military to restrict use of these limited food systems to 21 days3, 20.
[bookmark: _Hlk83563441]The lack of spaceflight data in this area becomes a bigger risk for Mars, where behavioral impacts from an inadequate food system may become more apparent. In addition to the increasing psychosocial importance of food with mission duration, diet impacts the composition and dynamics of the gastrointestinal (GI) microbiota21, 22. Evidence suggests that the resulting GI microbiota and associated metabolites may influence the brain, mood, and behavior through interaction with the gut-brain axis23, the immune system24-26, or through production of odorants that act as social cues27. Diet, the microbiome, and associated metabolites may also influence the immune system, impacting inflammation and disease state28, 29. Further fundamental research is needed to understand how a spaceflight diet and individual crew food selection may impact these factors and resulting crew health and performance.
Recommendations
Given these risks, we suggest research in all three key areas:
1 – Food Systems that provide a safe, nutritious, and acceptable variety of foods, with a minimum 5-year shelf life for both prepackaged foods or in situ grown foods (seeds, growth systems, etc.) are needed. Fundamental research is required to ensure a wide variety of prepackaged foods will have the required shelf life and that salad crop systems will be validated for safety and reliability and efficiently integrated with the vehicle systems.
Prepackaged Foods: Research is needed to reach a minimum 5-year shelf life for a wide variety of prepackaged foods, which includes processing, packaging and efficient cold storage.
Supplemental Salad Crops: Research into systems are needed to produce safe, acceptable, reliable and nutritious fresh salad crops within vehicle constraints30. Fundamental research needs to be conducted into food crop growth and microbiomes, how they change over time, and how they change in response to the spaceflight environment, including radiation. The impacts of the microbiome and radiation to crop growth and safety will be especially important as the extensive processing and microbiological testing done with foods on the ground is resource heavy and will not be transferrable to spaceflight. Requirements and safety protocol research and development are needed for microbiological safety. Development of genetically modified crops specifically for spaceflight will require NASA specific stakeholder agreement and policy development prior to use in spaceflight. Technology gaps and roadmaps for salad crop systems have been defined in detail previously 30, 31. 
2 – Food and Nutrition Impacts to Crew Health and Performance need to be researched to determine food system risk/resource trades with crew health and physical, behavioral, sleep, and cognitive performance. This includes risk/resource trades with dietary countermeasures for space radiation exposure and other drivers of oxidative stress32. Fundamental work needs to be done in relation to the current spaceflight food system as well as any alternative or resource-reduced food systems in a spaceflight environment. Health and performance trades with resource restrictions can then be effectively investigated and understood in relation to mission risk. It is expected that this would provide information on decrements, such that a program could make a well-informed decision to accept a food resource trade associated with a defined decrement on some mission or mission segments (such as those with ground support teams), or increase the food system resources to support crew performance and mission success on other mission segments (such as a mission phase with expected high performance and no ground support team). Crew health and performance includes behavioral health and performance, and the role of fresh produce availability, food acceptability, and choice.
3 – Resource reduction will likely affect requirements for conditioned food storage.  Current data indicates that cold storage will be needed for at least some of the food system. This will require fundamental investigation into passive versus active refrigeration trades, and development and vehicle system integration of more efficient solutions in the near term to meet the current Mars mission timelines. Similarly, data are needed to determine the mission scenario where integrating some bioregenerative systems (e.g. crops) starts to trade better than prepackaged foods, and/or having some supplemental fresh salad crops trades better for crew health, wellbeing, and performance.
Resource reduction will also include food system impacts on water and air systems. Closing the water loop beyond current ISS technology would require significant research and development, and increase the mass of ECLSS water recycling hardware33. To generate savings over time to make this a worthwhile trade, the resulting reduction in mass of water to be launched in fully hydrated, ready-to-eat foods such as retort thermostabilized pouches would need to be significantly reduced. The feasibility of this trade, and the acceptance of a significantly greater portion of rehydratable foods versus the current proportion of ready-to-eat foods by crew, needs to be determined. Further, this work needs to occur on a rapid timeline to make critical trade decisions that impact vehicle design decisions on the Mars mission timeline. In addition, impacts to crew acceptance, intake, health, and performance need to be investigated in association with implementation of any reduced resource food system, demonstrating the tight link between the three research areas presented here.
In situ grown foods will have additional impacts on air and water systems. Growth of salad crops in an open system like the Veggie on ISS will add additional burden to spacecraft water processing systems in the form of transpired water vapor from the crops.  Closing this system, as is done in NASA’s Advanced Plant Habitat, transfers this recycling capability to the hardware, but it doesn’t eliminate the need.  At the same time crops can reduce the atmospheric recycling requirements from a vehicle, though the impacts of this will likely only be seen when crop production reaches a scale larger than is used on the ISS34.
Concluding Statements
The food system is critical for crew health and performance, but it is a red risk for Mars. Research is required simultaneously in shelf stable foods, in situ food growth systems development, and in mass reduction technologies to ensure provisioning of adequate nutrients and variety. Research is also required to fundamentally understand the impacts of potential exploration food systems on all aspects of crew health and performance, from the immune system to brain function, which ultimately will impact mission success.
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