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The international space community, including the USSR, Japan, Germany, the European
Space Agency, and the United States, is preparing for extended stays in space. Much of the
research planned for space will be tended by humans; thus maintaining adequate nutritional status
during long stays in space has lately become an issue of much interest. Historically, it appears
that minimum nutritional requirements are being met during stays in space (1,2): Thus far,
crewmembers have been able to consume food adequate for maintaining nominal performance in
microgravity. :I’hc purpose of this review is to explore the physiological data obtained from
ground—based.:md flight research that may enable us to understand the biochemical alterations that
affect energy utilization and performance. This review will focus on energy utilization during the
Apollo lunar missions, Skylab's extended space lab missions, and Space Shuttle flights.
Available data includes those recorded during intra- and extravehicular activities as well as during
microgravity simulation (bed rest). Data on metabolism during flight and during bed rest will be

discussed, with a follow-up on human gastrointestinal function.

The energy expended by humans during many Earth-based activities (Table 8.1) has been
calculated using a variety of methods. Human energy utilization during space flight has been
determined indirectly using several methods, including recording food intake (diet history),
metabolic balance studies, food disappearance, and respiratory gas production (2-4). The most
detailed nutritional studies were performed during the Skylab missions, which included dietary
records in combination with metabolic balance studies (3). The energy levels of Skylab menus
were determined directly using bomb calorimetry and indirectly by calculating the amounts of
carbohydrate, protein, and fat consumed from crewmember records (see Table 8.2). Energy
levels of stools were determined directly by bomb calorimetry and these data were used to
calculate energy availability. Apparent energy intake was calculated as energy in the diet minus

the energy found in the urine and stools.
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The energy level of the food consumed before flight did not differ from that of the food
consumed during flight (Table 8.2). Length of flight had no effect on apparent energy
availability from foods consumed: At 28 days, mean energy available in Kcal (+ S.D.) was 2686
+ 141; at 59 days, 2939 + 538; and at 89 days, 2972 + 78. For comparison, preflight resting
energy expenditure (REE) was also calculated for the Skylab crewmembers using the Harris-
Benedict equation (5) (Table 8.1). Apparent energy intake was about 1000 Kcal/day greater
than the Hanii-Bcnedict measure of REE.

The type of energy consumed before flight, however, differed from in-flight intake:
Carbohydrate intake was significantly higher, and fat intake significantly lower, during flight
than before flight. In an effort to identify the primary substrate for energy utilization, we
calculated nonprotein respiratory quotients (RQ) from existing measurements of resting VO, and
VCO; levels (J. Leonard, personal communication). These measurements had been taken
before, during, and after flight over 5-minute periods while the subjects were at rest, at three
levels of exercise and during recovery. Mean RQ values, corrected for urinary nitrogen, are
shown in Table 8.3. Interestingly, the mean RQ during flight was higher than preflight or
postflight RQ for all measurements except exercise level 1. An increase in RQ has been
interpreted as reflecting a shift from fat to carbohydrate as the primary substrate for energy
utilization (Table 8.4) (5). Furthermore, an RQ greater than 1.0 implies the occurrence of
lipogenesis (5). The increase in carbohydrate intake during flight and the continued loss of lean
body mass (6-7), taken together, support the conclusion that the Skylab crewmembers increased
their utilization of carbohydrates during flight (8).

Table 8.5 shows changes in body weight during the Skylab missions. Although Leach and
colleagues have estimated a fluid loss of approximately 900 mL (8-10), some evidence exists that
weight loss may include loss of fat and lean body mass as well as fluid (10). The small but

persistent negative nitrogen balance during Skylab flights (Table 8.5) suggests that the major



U.S. Gov't

component of the nonfluid weight change may have been loss of lean body mass. The
concurrent presence of an RQ greater than 1.0 and a negative nitrogen balance suggests that some
lean body mass may have been replaced with fat. The Skylab crewmembers tended to lose more
weight during the shorter flights than the longer ones. The original explanation for this effect
was that inadequate energy had been provided during the earlier, shorter flights. During the
longest Skylab flight (84 days), both available energy from food and the length of in-flight ex-
ercise increascc}; mean body weight loss, in contrast, decreased. Exercise and increased energy
supplied in foc;d therefore appear to counter body weight loss. However, the combination of
chronic negative nitrogen balance, maintenance of body weight, and RQ greater than 1.0
suggests that space flight may induce or encourage the replacement of lean body mass with fat
(10-11). These interactions will become still more important as the duration of space flights
lengthens, and crews undertake the physical work involved in extravehicular activities for Space

Station Freedom construction.

Because the Skylab crewmembers consumed metabolic diets as part of the mission, some
quantification of nutrient intake, output, and energy utilization was possible. The US Space
Shuttle program, in contrast, has no requirement for monitoring individual intake, and therefore
the few data that are available reflect only patterns of food consumption among the crews. The
Space Shuttle food service system (Figure 8.1) was designed to provide a variety of palatable
foods of adequate nutritional quality, in forms compact, safe and convenient for use in
microgravity (4). Figure 8.2 shows Astronaut Robert Crippen preparing to eat a meal on STS-
1. Food products include rehydratable foods and beverages, ready-to-eat meals that can be
warmed in an on-board convection oven, low-moisture or canned foods, and some fresh foods
such as fruit. All foods are packaged in individual portions. A supplementary food supply
(approximately 2100 Kcal per crewmember) is also provided on board for snacking. Before
each mission, Shuttle crewmembers select their own menus for the in-flight period; these menus

are adjusted as necessary to provide adequate energy and nutrient content. Energy requirements
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are calculated from the Harris-Benedict equation for basal energy expenditure (BEE) (5), which
accounts for height, weight, age, and gender. Male crewmembers are judged to require 1.7
times their BEE, and females 1.6 times their BEE. Nutrient content is calculated to meet the

National Academy of Science's Recommended Dietary Allowances.

Some indirect assessments of energy utilization from Space Shuttle flights are presented in
Table 8.6. h/{cm dietary intakes during the first 8 Shuttle missions were calculated from
disappearanc:of food from the food lockers (4); these data were compared to mean atmospheric
CO2 produced during each flight (unpublished data). Mean energy utilization per person ranged
from 1910 to 3576 Kcal/day; leaving out STS-2, during which a large amount of CO2 was
produced, reduces the high end of the range to 2760 Kcal/day. Although these methods are less
reliable than those used on Skylab, the energy utilization values are nonetheless similar for the

Shuttle and Skylab missions.

Energy utilization has also been calculated from metabolic CO, production during
extravehicular activities (EVAs) on the lunar surface. Energy utilization on the moon ranged
from about 120 Kcal to 400 Kcal/hour (12-14). By comparison, preflight EVA training sessions
in the Weightless Environment Training Facility (WETF) at Johnson Space Center tended to
require more energy than that required for similar activities on the moon (Table 8.7). The
energy used in working on the moon fell within the range for similar activities on Earth.
Walking on the moon collecting geological samples at 250 Kcal/hr, for example, can be
compared to a brisk walk while lifting light objects on Earth (5). The energy expended riding in
the lunar rover was very similar to that spent driving an automobile on Earth (5). Energy
utilization during Skylab EVAs in space, on the other hand, was remarkably consistent, ranging
from 200 to 250 Kcal/hour (14). These data suggest that one might be able to predict the energy
required for performing planetary activities with knowledge of requirements for performing

similar activities on Earth.
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From studies completed thus far, the total energy intake required to function in space
appears to be similar to that required for 1-g activities, i.e., approximately 2000 to 3000
Kcal/day depending on lean body mass and activity level. This conclusion is far from definite,
however, because of the sketchy data from Shuttle flights, and because crew activity levels and
performance were not assessed in conjunction with these preliminary energy studies. Russian
cosmonauts are reported to consume up to 3200 Kcal/day; however, they also exercise daily (2).
Studies of ho\; exercise affects energy requirements in space are just beginning. Variables such
as energy substrate (carbohydrate, protein, fat), level and type of activity (e.g., exercise
countermeasures), and fluid shifts may have a profound effect on energy requirements for space
flight. Furthermore, data from Skylab suggest that the relationship of resting energy expenditure
to total energy expenditure may differ in space, i.e., energy expenditure at rest may be higher,
and energy utilization during physical activity lower, in space compared to 1-g. Studies

correlating these potentially confounding factors have yet to be performed.

Horizontal or head-down bed rest is used as a model to mimic microgravity-induced changes
in the human musculoskeletal system (15), the advantage being the capability of collecting
extensive biochemical data under well-controlled conditions. Shangraw et al. (16) found that 7
days of bed rest did not change blood glucose levels in 6 healthy men; however, their basal
plasma glucagon and insulin were higher during bed rest than during the ambulatory-control
period (Table 8.8). Furthermore, their glucose and insulin response to glucose tolerance tests
were higher during the bed-rest period than during the control period. These results are similar
to those of Dolkas and Greenleaf (17,18), who found higher plasma insulin levels --but not
plasma glucose levels-- during a glucose tolerance test on day 10 of a 14-day bed rest. These
results, which are suggestive of increased carbohydrate utilization during bed rest, are intriguing
in light of increased RQ during flight (see above). In the Dolkas study, isotonic exercise during

bed rest diminished the hyperinsulinemia, suggesting that isotonic exercise during flight may
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ameliorate the effect of microgravity on carbohydrate metabolism. Interestingly, more body
weight was lost during bed rest with isotonic exercise than without exercise, demonstrating that

significant energy was used during the exercise (18).

Other investigators from both the US and the USSR have reported slight increases in blood
glucose early during flight, followed by a decrease (19,20). In the second expedition of the
Salyut-4 orbita:I station (20), the crew's blood glucose and lactic acid levels rose slightly after 2
days and 7 days of flight relative to preflight values. These authors also noted slight increases in
blood glucose and insulin during bed rest. In another study, Grigoriev and coworkers (21)
compared blood, insulin, and free fatty acid levels before, one day after, and seven days after
flights of 4 to 14 days. Fatty acid levels were lower, and serum insulin levels higher, one day
after flight compared to preflight levels; insulin levels remained increased to 7 days after landing.
In contrast, they found no preflight-to-postflight differences in blood glucose, lactic acid, or
pyruvic acid. Although these data are inconclusive, it is possible that they may reflect a shift to
carbohydrate and protein as primary energy substrates. Alternatively, one might speculate that
the increased insulin levels during flight are associated with increased lipogenesis, perhaps
reflecting a decrease in the efficiency of energy utilization in space. More in-flight data are

needed to explore these speculations.

Energy can also be derived from the metabolism of tissues. US and USSR scientists have
noted decreases in lean body mass during space flight, which implies catabolism of protein.
Stool nitrogen levels in Skylab crewmembers were no different in flight than before flight,
indicating that consumed protein was digested normally. In contrast, nitrogen was increased in
their urine, suggesting that they were in negative nitrogen balance (Table 8.5). This negative
nitrogen balance occurred even during Skylab-4, an 84-day flight, despite adequate to high
protein intake (Table 8.2) as well as an energy intake sufficient to maintain body weight after

taking fluid loss into account (22). The Soviets have found elevated serum levels of amino acids
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at landing (23); however, it is unclear whether this is a result of the cosmonauts' high-protein
diet (2) or perlfaps mobilization of amino acids from tissues to the liver. Furthermore, protein
synthesis may be depressed in microgravity (24). This hypothesis will be studied in U.S. and
European Spacelab flights. In any case, it is clear that crewmembers are using tissue protein for
energy. Theoretically, therefore, adjustments in diet and exercise protocols may serve to counter
the loss of lean body mass and the use of body protein as an energy source. Verification of this

supposition remains to be seen.

Some animal data also exist to supplement the minimal human data available from space
flight. Unfortunately, access to animals flown in space is frequently delayed for hours to days,
and readaptation to 1-g thus confounds interpretation of results. Nevertheless, a few studies of
the effects of microgravity on rats have been performed. Two groups of investigators have
analyzed body weight, feed intake, and liver enzyme changes in rats that flew on COSMOS
1887, and compared the results to control animals under similar housing, lighting and feed
conditions (25,26). Interestingly, these rats lost weight during flight. This result was explained
as an increase in energy utilization to compensate for heat loss, since the rats were unable to curl
up and decrease their surface area in microgravity. These results, although intriguing, suggest
that rodents may not be a valid model for determining energy requirements in humans. Ina
related study, the activity of three microsomal hepatic enzymes (hepatic aniline hydroxylase,
ethylmorphine n-demethylase, and P450 cytochrome oxidase) from rats exposed to microgravity
was decreased relative to the control rats (26). Although these enzymes are not related directly
to energy metabolism, the possibility is raised that enzyme regulation is also affected by
microgravity. The lower T3 and thyroxine levels and higher corticosterone levels in the
microgravity-exposed rats compared to the control rats may suggest endocrinologic changes as

well.



U.S. Gov't
10

Energy metabolism can also be affected by changes in gastrointestinal (GI) function, which
influences the absorption and metabolism of nutrients. Although neurovestibular adaptation is
believed to be responsible for the unpleasant GI effects of space motion sickness, the GI effects
themselves tend to depress appetite, which leads to reduced food and fluid intake.
Approximately 50% of space travellers show some symptoms of space motion sickness during
the first few days in flight; some have experienced illness during the entire mission (27). The
decreased GI q}otility associated with motion sickness, coupled with the reduced food and fluid
intake, can ea;ily affect nutritional status after a relatively short time. The presence of motion
sickness symptoms can therefore be used as an indirect indicator of potential changes in

nutritional status as well as gastrointestinal function.

Another rough estimate of GI function can be made by tracking the number of stools
produced, and their wet and dry weight, over time. None of these parameters changed during
Skylab missions (Table 8.9). It should be noted, however, that stool number or weight
provides no information on the availability or absorption of specific nutrients during space flight.
A Russian report suggests that the intestinal microflora may be affected by space flight (28);

however, far more data are needed before conclusions can be drawn with certainty.

Gastrointestinal function is also influenced by fluid status and the presence -or absence-of
gravitational vectors (28-30). The fluid redistribution that occurs during horizontal bed rest has
been shown to slow GI transit time (30). Furthermore, depressed appetite occurs during periods
of reduced GI motility (31). Thus, although there is no direct evidence of the effect of
microgravity on nutrient and micronutrient availability, clearly this area also needs further

exploration.

The effect of space flight on physiological water balance is discussed in detail in the third

volume of this series. From a nutritional standpoint, water intake in food and fluid and output in
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stools, urine, and sweat can be used to calculate water used in metabolism and lost to
evaporation. In the Skylab missions, total body water was determined using the isotope (3H)
dilution method before and immediately after flight (8). The three crewmembers of the 84-day
flight showed changes in total body water of -900, -600, and -900 m1 after flight, as compared to
preflight values of +100, +200, and +700 ml, respectively. Mean urinary and stool water losses
for two of these crewmembers were similar before and after flight [urine, 1660 + 161 and 1681
1 113; stool, 77 £ 26 and 61 + 81 ml]. However, water ingested from foods and fluids was
significantly i:igher before flight than during flight (3293 + 225 vs 2953 + 45 ml/day).
Evaporative water losses before and during flight were 1938 + 69 ml/day and 1597 + 40 ml/day,
respectively; the latter calculation takes the decrease in total body water and water balance during
flight into account (8). In order to correct for weight loss in 2 of the 3 crewmembers,
evaporative water loss was also calculated in terms of body surface area. These calculations also
showed decreased evaporative losses during flight [1096 + 39 ml/day/m2 (preflight) and 903 +
22 ml/day/m?2 (in flight)]. It should be noted that Skylab atmospheric conditions were different
than present-day Orbiter conditions. However, the decrease in evaporative water loss may be
due in part to weightlessness, since sweat remains on the skin in microgravity rather than
dripping off. Skylab-4 included a fan, which provided increased air convection; however, as
noted above, evaporative losses were still lower in flight than they had been before flight. Much
research is underway in attempts to elucidate the neuroendocrine mechanisms responsible for

maintaining water balance in space.

This review has focused on the energy required to live and work in space. Although well-
controlled nutritional studies have been few, several conclusions can be drawn from existing
data. First, the availability of food and the stool weight during Skylab flights were no different
than before flight. It appears that the energy required for performing activities in space is at least
as high as for ground-based activities; however, the difference may lie in a change in resting

energy utilization in space rather than the actual energy required to perform work in space. The
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persistent negative nitrogen balance is puzzling, and requires further study in order to develop
and apply appropriate countermeasures. Both American and Soviet data suggest that lean body
mass may be replaced during flight with fat; this issue too needs to be addressed. Finally, the
results from one Soviet study with rats suggest that rodents may not be the best model for
determining energy requirements in humans. Water balance studies also performed during
Skylab suggest that space flight does not affect total fluid loss in stool and urine, but may
decrease fluid intake and evaporative loss.

For the future, research in energy utilization during space flight must include the development
of reliable predictions of energy requirements, particularly for long-duration flights. In light of
evidence of elevated blood glucose levels and increased RQ during flight, the best balance of
substrate (carbohydrate or fat) for maintaining optimal metabolism should be determined. The
role of exercise in negative nitrogen balance, and potentially concurrent reductions in strength,
must be investigated. Finally, little information is available concerning the role of micronutrients
such as vitamins in energy utilization. Although significant progress has been made, more re-
search is needed to ensure that as flights lengthen, space crews can remain healthy and perform

optimally in space.
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Table 8.1. Energy Expenditure in Selected Household, Recreational, and Sports Activities

Energy Expended Energy expended (kcal/min)
Activity (kcal min-1 kg1) for a 80-kg (176-1b) person

Archery 0.065 5.2
Badminton 0.097 7.8
Basketball 0.138 11.0
Bookbinding 0.038 3.0
Card playing 0.025 2.0
General carpénuy 0.052 4.2
Circuit training:

Hydra-fitness 0.132 10.56

Universal 0.116 9.28

Nautilus 0.092 - 7.36

Free weights 0.086 6.88
Cleaning (F) 0.062 4.96
Cleaning (M) 0.058 4.64
Cooking (F) 0.045 3.60
Cooking (M) 0.048 3.84
Cycling:

at 5.5 mph 0.064 5.12

at 9.4 mph 0.090 7.20

racing 0.169 13.52
Drawing (standing) 0.036 2.88
Eating (sitting) 0.023 1.84
Electrical work 0.058 4.64
Fishing 0.062 496
Golfing 0.085 6.80
Gymnastics 0.066 5.28
Lying at ease 0.022 1.76
Painting, inside 0.034 2,72

Painting, outside 0.077 6.16
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Table 8.1, continued

Energy Expended Energy expended (kcal/min)

Activity (kcal min-1 kg1 for a 80-kg (176-1b) person
Running, cross-country 0.163 13.04
Running, 11.5 min/mile 0.135 10.80
Running, 7 min/mile 0.228 18.24
Scrubbing floors (F) 0.109 8.72
Scrubbing floors (M) 0.108 8.64
Sitting quietly 0.021 v 1.68
Snowshoeing, soft snow 0.166 13.28
Standing quietly (F) 0.025 2.00
Standing quietly (M) 0.027 - 2.16
Table tennis | 0.068 5.44
Tennis 0.109 8.72
Typing (electric) 0.027 2.16
Typing (manual) 0.031 2.48

Walking, normal pace

asphalt road 0.080 6.40
fields and hillsides 0.082 6.56
Writing (sitting) 0.029 2.32

Adapted from McArdle, W.D., Katch, F. I, & Katch, V. L., Exercise Physiology: Energy,
Nutrition, and Human Performance, 2nd Edition. Philadelphia: Lea and Febiger, Appendix
D, pp. 642-649, 1986.
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Table 8.4. Thermal Equivalent of Oxygen for Nonprotein Respiratory Quotient

Nonprotein RQ Kcal/. O % Derived from g/L O2 Consumed
Consumed Carbohydrate Fat Carbohydrate Fat

0.707 4.686 0 100 0.000 .496
Al 4.690 1.10 98.9 012 491
72 4.702 4.76 95.2 .051 476
73 4.714 8.40 91.6 .090 460
74 4.727 12.0 88.0 .130 444
75 4.739 15.6 84.4 .170 428
76 S 4751 19.2 80.8 211 412
77 4.764 22.8 77.2 250 .396
78 4.778 26.3 73.7 290 .380
.79 4.788 29.9 70.1 330 363
.80 4.801 334 66.6 371 347
81 4.813 36.9 63.1 413 330 E
.82 4.825 40.3 59.7 454 313 -
.83 4.838 43.8 56.2 496 297 |
.84 4.850 47.2 52.8 537 280 :
.85 4.862 50.7 493 579 263 ;
.86 4.875 54.1 45.9 621 247
87 4.887 57.5 42.5 .663 230
.88 4.899 60.8 39.2 705 213
.89 4911 64.2 35.8 749 .195
.90 4.924 61.5 32.5 791 .178
91 4.936 70.8 29.2 834 .160
92 4.948 74.1 25.9 877 .143
.93 4.961 77.4 22.6 921 125
.94 4973 80.7 19.3 964 .108
.95 4.985 84.0 16.0 1.008 .090
96 4.998 87.2 12.8 1.052 072
97 5.010 90.4 9.58 1.097 .054
98 5.022 93.6 6.37 1.142 036
.99 5.035 96.8 3.18 1.186 018

1.00 5.047 100.0 0 1.231 .000

Reproduced from McArdle, W.D., Katch, F. I, & Katch, V. L., Exercise Physiology: Energy, Nutrition,
and Human Performance, 2nd Edition. Philadelphia: Lea and Febiger, p. 127, 1986.
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Table 8.5. Body Weight Changes and Nitrogen Balancein Skylab Crewmembers

Length of Change in
Flight Body Weight
Crewmember Preflight-to-In-flight Preflight In-Flight
R (days) (Ibs)
1 28 -5 295 -0.96
2 28 -5 3.12 -222
3 28 -5 3.00 -1.71
4 52 | -8 3.07 -0.99
5 52 -6 3.42 -0.78
6 52 -6 4.05 -0.81
7 84 -2 3.31 -1.24
8 84 -4 2.20 -0.68
9 84 3 278 -0.06

1Adapted from ref. 10. Used with permission.
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Table 8.6. Estimates of Energy Utilization during 8 U.S. Space Shuttle Flights

Shuttle Mean Energy Mean Energy

Mission Calculated from Calculated from

Number # Crewmembers Food Disappearance = CO2 Production Difference

Kcal/day/person

1 2 - 2565 2568 0%
2 2 2200 3576 62%
3 2 1910 2688 41%
4 2 2446 2616 7%
5 4 2322 2712 17%
6 5 1957 2664 36%
7 5 2535 2424 - 4%
8 5 2517 2760 10%

Adapted with permission from Lane, HW. Energy requirements for space flight.

J. Nutr. 1992, Vol. 122, pp. 13-18.
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Table 8.7. Metabolic Rates During Extravehicular Activities: 1-g Training and During Flight (Apollo 15) L

Energy Expended

, Energy Expended
During Training in During Actual EVA
Neutral Buoyancy on the Lunar Surface
Type of Activity (1-g)
# kcal/hr
Station 445 228
Lunar rover 203 123
Average of activities 393 230

1
Ref. 13
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Table 8.9. The Effect of Space Flight on Stool Production in 9 Skylab Crewmembers

‘ # Stools/Day Wet Weight Dry Weight
®) |
Preflight 0.72+0. 19 81.5+33.6 25.4+4.7
In-Flight 0.54+0.26 69.9+19.0 23.9+4.8
Postflight 0.55+0.2 5144354 23.6+6.1
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