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Abstract

Space flight imposes a myriad of adverse effects upon the human body. Improved in-flight
nutritional strategies help mitigate those adverse effects. This review examines how space
flight changes human physiology, and how improved in-flight nutritional strategies may
address the unique dietary needs created by microgravity exposure. Dietary approaches and
recommendations to address those needs are discussed. This review also describes food
sustainability methods for long-term manned space flight, how precision nutrition can aid in-
flight dietary prescriptions, and how wearable technologies can help monitor dietary status
and health during long-term manned space flight. This review describes the magnitude of
adverse changes incurred from space flight, and the current knowledge base on how
improved in-flight nutritional strategies may abate the adverse changes. Wearable
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technologies, used in conjunction with precision nutrition prescriptions, may best serve the
demands of monitoring human health and dietary status on future manned space flights.

Keywords
Negative energy balance; microgravity; food sustainability; precision nutrition; wearable
technology

1. Introduction

We performed a literature review on approaches to address dietary needs to meet the demands
space flight imposes upon humans. This review includes and references material from original
studies, which all received appropriate Institutional Review Board approval and were carried out
ethically in accordance with Declaration of Helsinki guidelines. Articles comprising this paper include
those pertaining to the physiological demands and dietary needs of microgravity, food supply
sustainability, precision nutrition and technologies with the potential to monitor in-flight nutritional
status. Our approach to this review was to include articles from each of these broad areas that were
also applicable to manned space flight. From our initial literature review, we acquired over 500
articles, technical reports, book chapters and web site urls. We searched MedLine and Scorpus
databases to acquire those 500 items. With exclusion criteria that included the terms “space flight”,
“microgravity”, and “bed rest”, we narrowed the list to the 56 references that comprise this novel
literature review. We believe the 56 are those most related and pertinent to space flight nutrition
among the 500 we initially acquired.

Space flight is an environment that is both unique and inhospitable to human life [1, 2]. Yet
despite the hazards and challenges it poses, manned flights continue, as NASA has announced goals
of landing a woman on the moon by 2024, developing a sustainable human lunar presence by 2028,
and taking humans to Mars in the 2030s [3, 4]. Nutrition is but one in-flight countermeasure to the
many adverse effects incurred by astronauts, who must cope with this novel environment as they
perform mission objectives [4-6]. All body systems change in response to space flight. Nutrition
seeks to abate such adverse effects that include, but are not limited to, higher metabolic
rates/inefficient body heat removal, altered cardiovascular and immune system function, increased
radiation exposure, and mass and strength losses to weight-bearing muscles and bones. We also
discuss strategies to provide food for long-term missions, monitor in-flight food intakes, and how
precision nutrition and wearable technologies may ensure individual crewmember’s dietary
recommendations are met during space flights.

2. Adverse Effects of Space Flight
2.1 Higher Metabolic Rates/Inefficient Body Heat Removal

Upon acute microgravity exposure, body systems comprised of large fluid volumes perhaps
undergo the most rapid and dramatic changes, which in turn have pronounced effects on
metabolism, hydration, and excess heat removal. The removal of body heat is vital to human life,
yet in space it does not occur as easily as on Earth. Metabolic rates are elevated in space in large
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part due to the higher energy costs required to remove excess heat [7, 8]. To compensate, humans
expend more energy in microgravity to accomplish this task [1, 9, 10]. As a result, all types of in-
flight physical activity have an additive effect on heat production and inevitably elicit higher energy
costs than comparable tasks done on Earth. Energy costs in microgravity can be quite high. For
instance, human energy costs ranged from 500-1320 kcal - hr'! for extravehicular activities [11-13].
Rapid and dramatic body fluid shifts in space also impair evaporative heat loss. Blunted thirst
sensations and lower fluid intakes compound this problem [13, 14]. In-flight fluid shifts centralize
blood volumes, as a result the body expends more energy to pump blood to the skin surface to
enable evaporation. Lower fluid intakes evoke dehydration and cause perspiration rates to decline
with longer missions, while sweating in space creates a film over the skin that impairs convective
heat loss [10, 15]. Thus, astronauts often return to Earth from longer flights with 1-5% body and
muscle mass losses, hyperthermic and dehydrated [6, 10, 14-17]. Better in-flight nutritional and
hydration strategies must be devised to abate these effects.

Taste and smell loss that reduces food palatability [4], limited food preparation time [18-21], and
menu fatigue contribute to body and muscle mass losses. In-flight energy needs are estimated from
World Health Organization (WHO) equations and Dietary Reference Intake values [16]. Energy
guidelines for flights up to 360 days include protein intakes of 0.8 g - kg* body mass, 350 g - day* of
carbohydrates, and 70 g - day? of fat, which equate to 12-15% of total kcals from protein, 50-55%
total kcals from carbohydrate, and 30-35% total kcals from fat [4, 9, 19, 20]. Assuming a pre-flight
body mass of 90 kg and a daily intake of 2318 kcals, this equates to ranges of 278-348 kcals for
protein, 1159-1275 kcals for carbohydrate, and 695-811 kcals of fat. Early in-flight energy intakes
were typically 30-40% below WHO guidelines, which create negative energy balances and impact
electrolyte balance, gut microflora and metabolism [4, 8, 11, 18]. To offset such changes, in-flight
nutrition requires higher fluid and energy intakes. To address this issue, starting with NASA-Mir
flights of the late 1990s, the U.S. and Russia agreed to nutrition and food quality standards, which
included taste and palatability assessments before launch, and menus planned with four meals per
24 hours [22]. Since then, energy intakes were maintained at 85-95% of predicted requirements
[23]. While adequate energy is perhaps the most important aspect of in-flight nutrition, it is
unknown if higher energy and protein intakes have a muscle-sparing effect independent of exercise
[20, 24, 25].

Nutritional concerns also extend to post-flight health. Zwart et al. stated “Data from 11
International Space Station (ISS) astronauts suggest nutritional status is compromised after long-
duration space flight [26]. Low energy intake is a crucial issue for crewmembers since it is also
associated with inadequate vitamin and mineral intake.” For instance, pre-launch astronaut red
blood cell and folate levels were measured near the upper limit of their normal range, but post-
flight drop to the lower limit of their normal range [2]. It is believed inadequate food intake, rather
than diets low in folate, is the cause of these losses [2]. Hematocrit losses also occur [13, 25], yet
blood composition changes little due to in-flight dehydration.

2.2 Altered Cardiovascular and Immune System Function

In-flight body fluid redistribution and dehydration also have rapid and adverse effects on
cardiovascular and immune system function [27, 28]. Microgravity limits venous pooling and
redistributes fluids to the head and torso [2]. When combined with low in-flight vascular resistance,

Page 3/12



Recent Progress in Nutrition 2022; 2(1), doi:10.21926/rpn.2201005

hemodynamics in space function in stark contrast to the manner done on Earth. While the
cardiovascular system adapts quickly to space, astronauts exhibit their poorest aerobic capacity
upon return to Earth, when they incur large VO, max losses despite performance of in-flight steady
state exercise [2]. Dehydration leads to drops in plasma volume and aerobic capacity [28]. To
compensate, heart rates rise during and after missions [28, 29].

The immune system is at the forefront of the body’s ability to cope with physical and mental
stressors imposed by space flight [25, 28, 30]. Altered immune cell function in space may evoke
unresolved inflammation that impacts cognition, mood, and behaviour [25, 28, 30]. In turn,
astronaut health and in-flight operational objectives are impaired by such changes [25, 30]. In
microgravity, immune system perturbations are also impacted by nutrition and exercise, each of
which affects the body’s ability to function [30, 31]. Early nutritional research looking at
supplements of zinc, dietary fat, antioxidants, glutamine and carbohydrate to improve immune
function saw little value [32]. However, the immune system may benefit from higher Q-3 fatty acid,
B-alanine and carnosine intakes [33]. Q-3 fatty acids, exert alterations on the activation of cell of
the immune system; as part of the cellular membrane if affects the fluidity of the membrane, and
recently has been indicated as a signalling molecule within the immune system [34]. It has also been
noted that carnosine supplementation helps regulate immune function through regulating
functions of neutrophils [35]. Recent work implied diets with the standard NASA in-flight
macronutrient ratio lack adequate amounts of these nutrients, and was concluded immune system
function may benefit from in-flight supplementation [33]. Given the benefits of Q-3 fatty acid
supplementation [33], continued research should assess if Q-6 fatty acid intakes should also
increase to comply with the fatty acid ratio cited by the NASA Constellation Program. New research
on in-flight B-alanine and carnosine supplementation is warranted, which may alter the list of
required nutrients for long-term flights [36].

2.3 Increased Radiation Exposure

Manned space flights expose astronauts to higher radiation [37, 38]. Effective in-flight ionizing
radiation doses vary from 50-2,000 mSv, which are primarily a function of mission duration, where
1 mSv equals the radiation from three chest x-rays [38]. Even low radiation doses compromise
numerous enzymes and intestinal transporters [4]. Beyond low Earth orbit, space radiation
increases crewmember’s risk of cancer, radiation sickness, central nervous system ailments and
other degenerative diseases [37, 38]. Sadly, one or more of these disorders could potentially
develop on future long-term missions, even among crewmembers with no pre-flight predisposition
or family history for these ailments [37, 38]. Proper in-flight nutrition appears vital to abate the
occurrence of these ailments. Vitamin C decreases cataract risk formation, which may occur from
radiation exposure over time. It also protects against nucleated bone marrow cell loss in mice
exposed to sublethal irradiation levels [39]. Little information exists on the effect of nutrient
protection in neurons from radiation. Garlic extracts and polyphenolics from fruits and vegetables
may assist in preventing, or at least slowing down, radiation damage to the nervous system [39].
Serum vitamin B, D, E and K levels, as well as superoxide dismutase, are essential to cope with
greater radiation. Unfortunately, all decline in microgravity [2, 4]. Higher antioxidant levels limit the
severity of in-flight oxidative stress [25].
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2.4 Mass and Strength Losses to Weight-bearing Muscles and Bones

Omission of normal weight-bearing and ambulatory activity evokes musculoskeletal mass and
strength loss. To illustrate the adverse effects microgravity has on musculoskeletal loss, post-
mission muscle strength losses that exceed 10% of preflight values were deemed operationally
significant and may impair emergency egress performance; sadly, such losses can occur within the
first 40 days of non-weight bearing activity [24, 40]. Strength losses are in part due to increases in
whole-body protein turnover. Protein synthesis is increased; however, protein degradation occurs
at greater rates [20]. Most protein decreases occur during the first month of flight, yet the rate of
loss does not appear to increase with longer space flights [22].

While human bone remodels over 4-6 month cycles, the absence of mechanical loading hastens
skeletal losses [41]. The magnitude of bone loss is a function of mission length, skeletal (cortical vs.
trabecular) composition and its degree of weight-bearing responsibility [41]. Such losses are
accompanied by greater bone resorption. Unlike most body changes, full bone mass and density
restoration does not occur when astronauts return to Earth, which makes these losses perhaps the
most dangerous. Bone mineral density loss is among the most important health issues, and specific
nutrients must be provided to limit this effect. Originally, ISS food was high in sodium which can
increase bone loss [20]. Sodium has since been reduced within in-flight food. Vitamins D and K
metabolism and function are impaired with long flights, which also undermines bone health [2].
Calcium and phosphate supplements did not abate bone resorption, yet Q-3 fatty acid intakes were
correlated to less bone loss [4].

3. Strategies to Address In-flight Food Demands
3.1 Food Supplies for Long-term Manned Space Missions

Sustainable food supplies for long-term missions are essential if nutritional countermeasures are
to abate microgravity’s adverse effects and preserve astronaut health and performance. A balance
among multiple factors may offer the best sustainability and nutritional approach for space flight
[21]. Numerous solutions have been proposed to address food supply sustainability; currently
NASA’s pre-packaged foods have a stated shelf life of about two years, yet a trip to Mars will require
five years of stored room temperature pre-packaged food, thereafter nutrient depletion occurs [42,
43]. Soil simulations are but one proposed solution to sustainable food supplies. Research on soil
simulations revealed the Mars environment, with its CO;-rich atmosphere and soil rich in minerals,
was superior to that of the Moon for growing plants [43]. It was proposed the surface of Venus may
also be suitable for agriculture [43]. Research is ongoing to determine how the atmosphere and
weather patterns will affect plant growth. Another proposed solution, to combat radiation and
atmospheric challenges posed by inhabiting other planets, involves a closed soilless cultivation
system. This solution aims to mimic Earth’s soil conditions and composition and is perhaps a viable
option for planets chosen for long-term inhabitation and/or colonization. Hydro- and aquaponics
were suggested as a solution when a viable water supply is available. Finally, aeroponics allows crops
to be planted and harvested year-round without interruptions or contaminations [43]. More
research is needed to determine how best to supply food to space travellers over extended time
periods.
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To provide in-flight foodstuffs to crewmembers, the safety, nutrition, and acceptability of an
implemented food system must be carefully weighed against use of space craft resources that
include, but are not limited to, it’s energy supply and time allocated to food preparation [44, 45].
Multiple factors undermine the quality of space food freshness and quality over time, they include
processing and storage [45]. Vitamins D and K, as well as potassium and calcium, may be quite
susceptible to processing and storage issues, as these nutrients are offered in limited quantities in
space-flown food [45]. Others suggest current space technology does not allow food preservation
for five years, and advocate for retort sterilized pouches [45, 46]. Use of the pouches provided
promising results; meat- and vegetable-based items lasted 2-8 years without refrigeration when
stored within the pouches. Vitamin B and C losses occurred in foods stored within the pouches,
however most foods maintained nutritional value throughout their shelf life [46]. Given the
challenges of storing and delivering foods to astronauts to provide a sustainable supply of food for
long-term manned space flights, retort sterilized pouches deserve continued inquiry to address this
issue [46]. Future food sustainability research suggests space agencies should examine all potential
solutions, as well as be amenable to other future options.

3.2 Precision Nutrition and Tracking In-flight Food Intakes

Monitoring astronauts’ nutritional status is important to ensure crewmember health is preserved
as spaceflight durations increase [2]. Dietary intakes have been tracked with various methods. For
early flights of short duration, foods were weighed by dieticians prior to flights. Food masses
returned to Earth were subtracted from the food loaded pre-flight and differences were analyzed
for macro and micronutrient intakes. Barcode readers were used and placed on individual food
items. Scanned package labels noted how much of an item was eaten. The calculation of nutrient
intakes occurred post flight. Another method saw ISS crewmembers complete weekly food
guestionnaires and data were downloaded on Earth for analysis to enable dietary changes to occur
in real time [18]. Questionnaires were decidedly more accurate for nutrient intake determinations
since in-flight menus have been typically quite limited.

Nutrition is important to good health. The extreme environment of microgravity alters the way
the body processes nutrients. Research shows individual biological responses may differ to the same
foods when they are eaten [46]. Precision nutrition, a new area of research under the umbrella
concept of precision medicine, develops individualized methods to prevent or treat chronic diseases
based on a person’s unique characteristics such as DNA, race, gender, health history, and lifestyle
[5]. Exposure to microgravity can exacerbate these differences and make precision nutrition vital to
in-flight diet prescription. Precision nutrition may thus offer the best nutrition-based
countermeasure to the adverse effects of microgravity. Precision Nutrition, which utilizes
information from metabolomics and nutrigenomics, has the potential to provide individualized
nutrient intake recommendations based on how an individuals’ metabolic pathways are potentially
modified by their diet [47]. For example, Huang et al., found that individuals with a lower genetic
risk of diabetes benefitted from a low-protein diet, while individuals with a higher genetic risk had
improved insulin resistance and B cell function with a high protein diet [48]. While Precision
Nutrition research is still in its infancy it may prove vital to the prescription of in-flight diets for space
flight crewmembers. With the small, yet increasingly diverse, number of people exposed to
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microgravity, precision nutrition may serve as a valid approach to abate the dietary imbalances
incurred from long-term space flights [22].

The idea for in-flight precision nutrition in part comes from data provided by astronauts who
underwent long-duration flights aboard the ISS [23]. In addition to blood and urine sample obtained
before and after space flights, the astronauts provided self-assessments of their diets, in the form
of food frequency questionnaires, administered at the completion of 6-10 day in-flight menu cycles
aboard the ISS [23]. Results included significant iron, hematocrit, calcium, vitamin D and folate
losses [23, 42]. Parathyroid hormone, which also declines with space flight, impacts both vitamin D
and calcium metabolism; deficits in all three contribute to post-flight bone mineral density losses
incurred by the weight-bearing skeleton [49]. Advancements in precision nutrition now include
dietary supplementation both in-flight and during bed rest (a microgravity analog) to abate such
losses. However, it is important to remember the concept of in-flight precision nutrition is in its
infancy and not without constraints and limitations. Among them are logistical issues when anything
is to be implemented aboard manned space flights, as well as tailoring diets to the momentary
desires of crewmembers throughout long-term missions and having foods present to meet those
desires. Furthermore, current evidence that shows precision nutrition is better and more cost-
effective than traditional food preparation approaches is limited [47]. Future research should
balance genomics, metabolomics and nutritional needs of individual astronauts with current in-
flight constraints and limitations to best devise personalized in-flight dietary approaches to space
flight’s deleterious effects [25].

3.3 Precision Nutrition and Wearable/Hand-held Technologies

In addition to specific in-flight dietary deficiencies that precision nutrition can address, it must
also attend to negative energy balances, an issue visited upon human physiology upon immediate
exposure to microgravity [7]. In conjunction with future research, precision nutrition prescriptions
also seek to tailor and enhance in-flight diets for individual astronauts through technology
advancements. Such technologies include wearable and hand-held devices that easily assess health
[50-53], metabolism and nutrition status [54]. Three such devices monitor health and metabolism
status through the body’s waste products, which in turn offer insights on the nutritional needs of
individuals [51-53]. One device utilizes stool recognition artificial intelligence technology to identify
individual dietary needs [51]. The device uses neural networks to quantify changes to a person's
stool samples over time [51]. Another device, small and handheld, measures hydration, electrolytes,
pH, vitamin C, uric acid and ketones from 1-2 urine drops placed onto a test strip inserted with its
reader [52]. The device uses spectrometry and reportedly offers accurate and reliable
measurements [52]. Finally, a third device assesses metabolism with respiratory gas sensors and
flow meters from a single breath [53]. The small handheld device instantly quantifies a person’s
respiratory quotient and reportedly underwent multiple validation studies [53]. Other technologies
entail non-invasive devices to assess nutritional status, as well as hormonal, enzymatic and immune
function, from saliva [50, 54]. Such technologies capitalize on the on-going advancements and
sensor miniaturization [50, 54].

Given the importance of these measurements to astronauts, particularly when data are collected
in-flight, they offer unique insights into crewmember health and their nutritional needs.
Furthermore, given the limited area aboard the ISS and other space-related vehicles, miniaturized
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devices appear to be ideal for use aboard future manned flights. The information such technologies
provide can accurately tailor in-flight precision nutrition prescriptions. For instance, wearables may
one day assess Q-3 fatty acid, B-alanine and carnosine intakes, which improve cognitive function
and immune health, yet are deficient in isocaloric diets administered at the in-flight macronutrient
(55% carbohydrate, 30% fat, 15% protein) ratio [33]. With isocaloric diets prescribed for two weeks,
daily Q-3 fatty acid, B-alanine and carnosine intakes (mean + sem) were 0.35 + 0.07 g, 371.3 £ 62.5
mg and 6729.6 + 8.3 umol - mg™ respectively [33]. Q-3 fatty acid intakes were far less than those
required for long-term missions, yet no recommended daily allowance (RDA) for B-alanine and
carnosine exists [36]. Given Baba et al.’s results, higher Q-3 fatty acid intakes than those listed by
Cooper et al. may be prudent and best achieved, given the challenges of in-flight nutrition, by
supplementation [33, 36]. Continued research may wish to examine if Q-6 fatty acid intakes should
also increase to comply with the fatty acid ratio approved for the NASA Constellation Program, as
well as if in-flight B-alanine and carnosine supplementation should be considered, which may alter
the list of required nutrients for long-term space missions [36].

4. Conclusions

Given the negative energy balances produced by microgravity, and the additive effect
extravehicular activities have upon metabolic rates [11, 12, 17], NASA is incorporating wearable
technologies to assess the in-flight operational performance of astronauts as their health is
monitored [55, 56]. Wearables currently include continuous heart rate measurements that offer
indirect evidence of in-flight stress levels experienced by astronauts, as well as when, and to what
extent, metabolic rates rise during space missions [55, 56]. In combination with data from emerging
sensor-based technologies [50-54] in-flight information on astronaut health and nutritional needs
can be sent in real time to NASA personnel on Earth. Wearable technologies, used in conjunction
with precision nutrition prescriptions, may best serve the demands of monitoring astronaut health
and dietary status on future manned space flights.
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