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Long-duration space missions and establisbment of permanently manned bases on the Moon and Mars
are currently being planned. The weightless environment of space and the low-gravity environments
of the Moon and Mars pose an unknoum challenge to buman babitability and survivability. Of
particular concern in the medical research community today is the effect of less than Earth gravity
on the buman skeleton, since the limits, if any, of buman endurance in lowgravity environments are
unknown. This paper provides theoretical predictions on bone loss and skeletal adaptation to lunar
and other nonterrestrialgravity environments based upon the experimentally derived relationship,
density =~ (mass X gravity)"?. The predictions are compared to skeletal changes reported during bed
rest, immobilization, centrifugation, and spaceflight. Countermeastires to reduce bone losses in fractional

grauvity are also discussed.

INTRODUCTION

Since the founding of the National Aeronautics and Space
Administration (NASA) in 1958, manned spaceflight has been one
of our nation’s priorities. The scientific and engineering accom-
plishments by NASA over the past three decades represent some
of the greatest technological achievements in human history.
Throughout the course of development of manned spaceflight,
one of the chief concerns of physicians and life scientists
practicing space medicine has been to assure the health and well-
being of astronauts and people who will live and work in space
and other non-Earth environments.

After 25 years of U.S. and Soviet manned spaceflight experience,
a wealth of physiological data has been gathered and studied.
Research conducted on animals and humans exposed to the
microgravity (as low as 10°%) or “weightless” state in space has
provided a better understanding of the physiological changes
resulting from weightlessness. Exposure to the space environment
has been found to produce changes in nearly every physiological
system, but, in general, humans can acclimate well to weightless-
ness. Several biomedical problems have been identified, however,
that may lead to potentially progressive pathophysiological deteri-
oration, including alterations in vestibular function, cardiovascular
deconditioning, hematological imbalances, and bone and mineral
imbalances.

Among the most striking findings from space missions and
Earth-based simulations of weightlessness is the rapid and
continuous loss of bone mineral (Nicogossian and Parker, 1982),
and alterations in skeletal mass are thought by many scientists to
be one of the most serious physiological hazards associated with
long-term spaceflight. The major health hazards associated with
skeletal bone loss are toxic accumulations of excess mineral in
tissues such as the kidney, increased risk of fracture, and
potentially irreversible damage to the skeleton. For these reasons,
numerous Earth-based and space-based studies are currently being
directed toward two complementary goals: (1) elucidating the
fundamental mechanisms of skeletal adaptation in altered gravity

(or stress) environments and (2) developing practical counter-
measures to preserve normal skeletal structure and function.

One often-asked question remains unanswered: How long
should an astronaut remain in space? This paper presents
theoretical predictions on skeletal adaptation in response to
chronic altered weight bearing in a lunar gravity environment.
Data from spaceflight, Earth analogs of weightlessness, and
centrifugation are compared to theoretically derived predictions.
The gravity field question is addressed with the principal aim to
define an optimal gravity environment that preserves physiological
function and ensures survival.

REVIEW AND THEORY

Spaceflight

In the last two decades, manned space programs conducted by
the US. and the USSR. have successfully placed over 319 men
and women into near-Earth orbit. Since Soviet cosmonaut 1t. Uri
Gagarin’s historic single orbit of the Earth lasting 108 minutes
(Vostok 1), over 160,000 man hours have been logged in space
(as of 1987). Following the first successful Moon landing on July
16, 1969, a total of 600 man hours were logged by U.S. astronauts
on the lunar surface, including a record stay of 75 hours on the
lunar surface by astronauts Cernan and Schmitt during the Apollo
17 mission (December 7-19, 1972). Shortly thereafter, astronauts
Carr, Gibson, and Pogue spent a record-setting 84 days in a
millligravity to microgravity environment aboard the Skylab 4
orbital workstation.

Since Skylab, the longest U.S. space mission has been 248 hours
aboard the space shuttle STS-9 (Space Transportation System).
The Soviets, however, have continued to extend their presence
in space and have accumulated 117,000 man hours during 35
Soyuz missions aboard the Salyut and Mir space stations. The Mir
station has been constantly manned since February 8, 1987, and
on December 29, 1987, 43-year-old Soviet cosmonaut Col. Yuri
Romanenko established an Earth-orbit endurance record of 326
days aboard the Mir space station, surpassing the previous Soviet
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endurance record by 90 days. Col. Romanenko’s 11-month
experience attests to the remarkable adaptability of the human
body and should provide answers to key questions as well as
provide fresh insight into the planning of future spaceflights of
even longer duration.

The primary effect of microgravity is the elimination of
deformations and mechanical stresses on body tissues that are
normally present on the Earth due to its gravitational field. This
results in a disordered interaction of afferent mechanoreceptors
and the development of sensory conflicts. The major immediate
manifestations of microgravity are twofold: a headward redistri-
bution of body fluids and underloading of the musculoskeletal
system, The former shifts the center of mass of the body toward
the head, triggering nervous, reflex, and hormonal mechanisms of
adaptive reactions in order to restore hemodynamic homeostasis.
The latter produces changes in movement, coordination,
neuromuscular function, metabolic requirements, and intrinsic
musculoskeletal structure function relationships, and may reduce
the role of the muscular system in hemodynamics as a whole.
Exposure to the space environment has been found to produce
adaptations in nearly every human physiological system. Some of
these adaptations such as motion sickness are self-limiting; others
produce progressive changes in different body systems. Among the
most striking findings from long-term Skylab and Soyuz Earth-orbit
space missions is the rapid and continuous loss of bone mineral,
particularty cancellous bone losses, which have been reported to
be as high as 0.5% per week in the human calcaneus.

Earth Analogs of Weightlessness

Skylab, Salyut, and Mir Earth-orbit space stations have enabled
man to live and work for extended periods in a weightless
environment. The long-term physiological effects of spaceflight
were originally hypothesized to be similar to the deleterious
physiological changes associated with chronic inactivity and
immobilization. Consequently, in order to ensure the safety and
survivability of the space station crew, ground-based methods
were sought that could be used to predict physiological responses
to weightlessness and to test and evaluate effective countermea-
sures to physiological deconditioning. The methods used to
simulate weightlessness on Earth have included water immersion,
hyperbaric environments, immobilization and restraint of animals,
and bed rest, all of which were found to simulate, to a certain
degree, some of the many physiological changes associated with
spaceflight.

Of the Earth-based techniques, bed rest and immersion tech-
niques result in physiological adaptations closest to the low gravity
state. Water immersion produces rapid body fluid redistributions
similar to weightlessness, making this method an ideal short-term
analog of spaceflight. However, most subjects cannot tolerate long:
term exposure to water. As a result, Soviet scientists have devel-
oped a “head-out dry immersion” technique, in which subjects
are protected from water contact, making prolonged immersion
more practical (Gogolev et al, 1986). Bed rest, however, is the
most commonly used method to simulate weightlessness. Studies
of this type were found to be the most endurable method for
chronic exposure (Sandler and Vernikos, 1986). Numerous hor-
izontal and “head-down” simulations lasting over six months have
also been reported. Head-down or “antiorthostatic” bed rest pro-
duces more rapid and pronounced fluid shifts than horizontal bed
rest, and more closely reproduces the early physiological effects
(orthostatic intolerance ) and sensory symptoms (vertigo, nausea,
nasal congestion) of weightlessness.

In general, chronic immobilization (bed rest and paralysis)
results in a 1% to 2% per week loss in calcancous cancellous bone
mineral content (Donaldson et al, 1970; Hantman et al, 1973;
Hulley et al, 1971; Krolner and Toft, 1983; Kroiner et al, 1983;
Lockwood et al, 1973; Minaire et al, 1974, 1981; Schneider and
McDonald, 1984; Vignon et al, 1970; Vogel, 1971) The
magnitude of bone loss appears to be unrelated to the underlying
course of inactivity (Arnaud et al, 1986). Maximum cancellous
bone losses occur after 6-9 months (30-40% loss) and appear
to be self-limiting (Minaire et al, 1984 ). The point at which bone
losses become selflimiting will henceforth be referred to as the
(Earth) “genetic bascline.” The effects of immobilization on
cortical bone are much less pronounced, ranging from 0.1% per
week (dog humerus) to 0.3% per week (dog radius, ulna)
(Jaworski et al, 1980). Differences between cortical and cancel-
lous bone losses have been attributed to the greater surface arca
of cancellous bone (Krolner and Toft, 1983; Krolner et al., 1983),
but other factors such as functional differences in weight bearing
may also be important. For example, bed-rest studies in which
patients have been allowed to ambulate (stand, walk, or cycle)
for several hours per day have been effective in reducing
cancellous bone losses (Issekutz et al, 1966). Thus, functional
weight bearing and postural shifts appear to be important con-
ditioning factors affecting subsequent skeletal reactions.

Adaptation to Increased Activity

In contrast to the hypofunctional skeletal loading conditions of
immobilization and spaceflight, hyperfunctional loading conditions
in humans have been reported to result in a net increase in bone
mass. Clinical studies examining the bone mineral content (BMC)
of the playing arm of professional tennis players report increased
radial and humeral cortical bone density ranging from 16%
(Jacobson et al, 1984) to greater than 30% in comparison to
the contralateral arm (Dalen et al, 1985; Jones et al, 1977).
Changes in the BMC of top-ranked athletes participating in weight
training programs are even more dramatic. Nisson and Westlin
(1971) reported an average 50% increase in distal femur BMC
in Otympic-class athletes vs. age-matched controls. More recently
Granbed et al. (1987) reported an average 36% increase (in
comparison to age- and weight-matched normal men) in the BMC
of the L3 vertebrae of power lifters participating in the 1983
Power Lifting World Championship. They also noted that there
was a significant relationship between the total annual weight
lifted and the BMC within this group of athletes. Increases in
cancellous BMC in distance runner (Dalen and Olsson, 1974)
and infantry recruits (Margulies et al, 1986) are much less
marked, ranging from 5% to 20%.

Several animal experimental strategies have been employed to
study the “adaptive” behavior of bone including hypergravitational
studies using centrifuges (Amtmann and Oyama, 1973, 1976;
Jaekel et al, 1977; Jankovich, 1971; Kimura et al, 1979; Smith,
1977; Wunder et al, 1979), mechanical overloading of limbs by
surgical resection (Carter et al, 1980, Chamay and Tschantz,
1972; Goodship et al, 1979, Saville and Smith, 19606), and cxtern-
ally applied loading techniques (Burr et al, 1984; Churches and
Howlett, 1982, Lanyon et al., 1982; O’Connor et al,, 1987; Rubin
and Lanyon, 1984, 1985, 1987). These studies have, in general,
produced pronounced cortical hypertrophy and increased
breaking strength of the same magnitude as those obtained in the
clinical studies. Consistent with the moderate changes in BMC
associated with distance running, the results of involuntary
exercise in rats (Adams, 1966, Donaldson, 1935; Kato and



Ishiko, 1966; Keller and Spengler, 1989; Kiiskinen, 1977; Lamb
et al, 1969; Saville and Whyte, 1969; Steinbaus, 1933; Tipton et
al, 1972) have been much less conclusive and significant than
the aforementioned adaptational strategies.

Differences in the results of these studies might be the result
of differences in the mechanical stimuli (loading type, period,
intensity) or to species-specific factors such as animal age, sex,
diet, and genetics. In a review article, Carter (1982) speculated
that, in addition to the above, differences in the results of exercise,
hypergravitational, and hyperfunctional studies might be attributed
to strain magnitudes, and he hypothesized that the “hypertrophic
response to increased bone strain levels is a nonlinear response
in mature bone.” Subsequent experimental studies demonstrated
that mechanical stimuli such as strain rate and strain distribution
were critical to the osteoregulatory processes of the skeleton
(Lanyon et al, 1982; O’Connor et al,, 1982).

More recently Rubin and Lanyon (1984, 1985, 1987) and
Lanyon and Rubin (1984) examined the magnitudes and
distributions of surface cortical bone strains required to elicit an
osteogenic response using a functionally isolated turkey ulna
model. They concluded that the osteoregulatory response of the
skeleton was most significant when the mechanical stimuli were
dynamic in nature and above or below an “optimal strain
environment,” increased strains resulting in a positive response,
while decreased strains resulted in a negative response. Their
results suggest that, regardless of the number of cycles (=20),
cortical bone strain magnitudes of 400-1500 microstrain will not
result in any net significant change in bone geometry or density
(Fig. 1). Activities that exceed the 1500 microstrain threshold will
initiate a positive adaptive or “osteogenic” response, whereas
prolonged inactivity below 400 microstrain will induce a negative
response; the former is analogous to intensive physical activity
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Fig. 1. Adaptational response of the functionally isolated turkey ulna

following eight weeks of cyclic loading (100 cycles/day) at peak strains
ranging from 0 to 4000 microstrain. Based on data from Rubin and
Lanyon (1985).
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(ie., sprinting, weight lifting) and the latter is analogous to
sedentary activity (bed rest, paralysis, immobilization). In space
and nonterrestrial environments such as the Moon and Mars,
gravitational forces and forces due to muscle activity are
decreased, and both may reduce the subsequent musculoskeletal
stimuli below the functional level of strain required to maintain
bone mass under normal terrestrial conditions.

Modeling of Skeletal Adaptation

The role of gravity in regulating the functional requirements of
the human and animal body has been studied for over a century.
Thompson (1942) pointed out that “the forms and actions of our
bodies are entirely conditioned by the strength of gravity upon
this globe.... Gravity not only controls the actions but also
influences the forms of all save the least of organisms.”
Mathematical formulations that characterize the “stress-adaptive”
behavior of the skeleton in a feasible manner have yet to be
determined. Establishment of permanent Moon and Mars bases
and future space exploration, however, necessitate the develop-
ment of practical empirical solutions concerning skeletal
demineralization and effective countermeasures that ensure an
adequate level of human performance and, more importantly,
survivability in these less-than-Earth-normal gravity environments.
In the argument that follows we will describe an experimentally
based mathematical formulation that can be used to estimate, in
the absence of prophylactic countermeasures, the alterations in
skeletal mass associated with microgravity (10°®g), lunar gravity
(1/6 g), and other nonterrestrial environments. The mathematical
formulation is based upon the results of dual photon absorp-
tiometry (DPA) measures of lumbar vertebral BMC in a group of
world-class power lifters, and the formulation has been general-
ized to include gravity (g) as a variable. Details of the experi-
mental methods have been previously published by Granbed et
al. (1987), but a brief description follows.

Eight Swedish world-class power lifters participating in the
1983 World Power Lifting Championships in Géteborg, Sweden,
volunteered for the study. Age, height, weight, and L3 vertebral
BMC were obtained from each power lifter and from 39 age- and
weight-matched “normal” healthy men who served as controls.
Dual photon absorptiometry was used to assess the BMC. Detailed
weight-training records were obtained from each athlete (includ-
ing maximum weight lifted and annual weight lifted ) and pictures
of the athletes during their ground lifts were taken with a high-
speed camera. Figure 2 illustrates the way in which the ground
lift was performed.

Estimates of the loads on L3 in different positions of the ground
lift were calculated using the kinematic model developed by
Schultz and Andersson (1981) and the ultimate strength of the
L3 vertebrac was estimated using experimentally determined
relationships for cancellous bone strength vs. density (Hansson
et al, 1980, 1987).

The mean BMC value of the power lifters (7.06 + 0.87 g/cm)
was 36% greater than that of the age- and weight-matched
controls (5.18 + 0.88 g/cm). Estimates of the ultimate strength of
the L3 vertebrac were 4.1 times greater than the estimated peak
L3 loads during the ground lift maneuver. The ratio of ultimate
strength in 7vo load is defined as the safety factor (SF). Long
bone SFs have been experimentally determined to lie in the range
three to five (Biewener, 1982, 1983; Keller and Spengler, 1988;
Rubin and Lanyon, 1982), which is consistent with the mean
value of 4.1 obtained for the power lifters.
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Fig. 2. Schematic representation of the ground lift maneuver. Reprinted
from Granbed et al. (1987).

Table 1 summarizes the results of the analysis of the forces
required to elicit an increase in BMC by increments of 10%. As
indicated in Table 1, the change in BMC is highly nonlinear in
terms of the mechanical stimulus: More than a thirtyfold increase
in total force was required to elicit a 50% increase in BMC. The
data can be represented mathematically as

BMC « [SF]'"® (n

where ZF is the total force experienced during weight training
by the L3 vertebrae in a one-year period.

Manned spaceflights, missions to the Moon and Mars, and the
establishment of lunar and martian bases will take place in
gravitational environments where the weight, defined as the force

TABIE 1. Lumbar bone mineral content changes
due to hyperactivity.
BMC Increase XF
(g/cm) (%) (kg/yr X 10°)

5.2 0 1.5

5.7 10 29

6.3 20 6.1

69 30 12.0

7.6 40 24.7

84 50 52.4

Based on the data of Granbed et al. (1987 ).

of terrestrial gravitation, experienced by the human or animal
body will be reduced. A body of mass m on the Earth (of mass
M and radius R,,) experiences a weight

F, = M(GM/R,?) = mg (2)

where G is a universal constant and g is a constant equal to the
acceleration due to the Earth's force of gravity. Simple substitution
of equation (2) into equation (1) yields
BMC o [Smg]"® (3)
Assuming that bone adapts to reduced forces in a similar
manner as increased forces, then one can predict the changes in
L3 BMC during, for example, Moon life (GM/R,2=1/6g), in
terms of

BMC < 0.799 [Zmg]"/® 4

where 0.799 represents the BMC fraction retained annually.
Similar predictions can be obtained for other non-Earth environ-
ments by substituting the appropriate Earth gravity ratio (GM/
R,2)/g. The exponent in equation (3) can also be verified
analytically using a “dimensional analysis” (see Appendix ).

RESULTS AND DISCUSSION

The effects of adaptation to altered gravitation environments are
predicted in Table 2. Equation (4) predicts that under normal
activity conditions, a person will experience a 21.1% reduction
in L3 BMC per year, or an average weekly loss of 0.41% in a lunar
gravity field. In terms of bone strength, this represents a reduction
of 0.7% per week (Hansson et al, 1980, 1987). Skeletal adap-
tation to the lunar gravity field would require roughly 120 weeks
for lunar homeostatis (83% strength reduction). Assuming an
optimal safety factor for bone of 3 (Alexander, 1984), the longest
Moon mission for a safe return to Earth would be about 96 weeks
(66.6 strength reduction). By Earth standards, microgravity
(<10° £) would require approximately 5-6 months for skeletal
homeostatis (30-40% bone loss), and the skeleton would be at
risk for fracture after 35 weeks. In terms of homeostatis in
fractional and microgravity environments, it is not known whether
these effects would be self-limiting as they appear to be for
immobilized patients on Earth. Furthermore, bone losses in
cosmonauts exposed to chronic periods of weightlessness (0.5%
per week) are much less dramatic than the model predictions,
reflecting the fact that cosmonauts generally exercise 2-4 hours
per day and wear elastic-corded “penguin” suits up to 16 hours/
day. Using a value of -0.5% BMC per week, the model predicts
that the longest safe space mission would be about 60 weeks,

TABLE 2. Predicted BMC and strength changes
due to altered gravity field.
Environment BMC Strength Stasis SF =1
g (%/week) (%/week) (weeks) (weeks)
Space <10°¢ -1.58 -1.86 54 36
Moon 0.17 -0.39 -0.69 120 96
Mars 0.4 -0.22 -0.42 153 159
Earth 1.0 0 0 0 0
Jupiter 27 0.25 0.54 314 —




which is slightly greater than the current microgravity endurance
record (47 weeks).

The effects of fractional gravity and hypergravity presented in
Table 2 are depicted graphically in Fig. 3. Based on ranges of
immobilization data (Donaldson et al, 1970, Hantmann et al,
1973; Hulley et al, 1971; Krolner and Toft, 1983; Krolner et al,
1983; Lockwood et al, 1973; Minaire et al, 1974, 1981; Schneider
and McDonald, 1984; Vignon et al, 1970, Vogel, 1971) and
spaceflight data (Gazenko et al, 1982; Rambaut and Jobnson,
1979; Stupakov et al, 1984) obtained from the literature, the
“1/8 Power Law” of equation (3) suggests that immobilization
and spaceflight are comparable to a 102 to 10 gravity environ-
ment and Moon-Mars gravity environment, respectively. Centrifuge
data obtained from dogs exposed to chronic accelerations of 2.5 g
(Oyama, 1975) are in close agreement with the model pre-
dictions, but the data obtained from rats (Amtmann et al, 1979,
Oyama and Zeitman, 1967; Wunder et al, 1979) are more
scattered and deviate considerably from the model predictions.
The latter may reflect the fact that adult rats do not experience
bone internal remodeling. Dog and human bones model and
remodel and achieve skeletal adaptations through changes in
surface geometry and internal architecture.

The temporal changes in cancellous BMC and strength associ-
ated with bed rest and spaceflight along with model predictions
for space, Moon, and Mars environments are illustrated in Fig. 4.
The model predicts that microgravity and lunar and martian
gravitational environments will result in a net 1.6% per week, 0.7%
per week, and 0.4% per week loss in BMC, respectively, in the
absence of prophylactic measures. Changes in BMC associated
with bed rest and immobilization are in close agreement with the
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Fig. 3. Loglinear plot of the effects of fractional gravity and hypergravity
on the change in BMC based upon the “1/8 Power Law” of equation (3 ).
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Fig. 4. Temporal changes in bone strength (left ordinate) and bone
mineral content (right ordinate) as a function of time (weeks).
Experimental data from bed rest (solid squares) and spaceflight (solid
circles) are shown (see text for literature citation). The data points
connected by bars represent data ranges for which exact values were not
available from the literature citation.

predicted losses accompanying microgravity (<10°°g). As
described earlier, the experimentally measured changes in BMC
associated with spaceflight are much less dramatic than the bed-
rest data and fall in the range of 0.4% per week to 0.7% per week
losses in BMC. The horizontal dashed line corresponding to losscs
in bone strength of 66.6% in Fig. 4 represents the genetic bascline
at which point no further bone loss will occur (Earth-gravity
standard). This point (66.6%) also corresponds to the clinical
horizon or point at which the skeleton is at an increased risk for
fracture (no margin for safety). Note that in a microgravity or
fractional-gravity environment, the genetic baseline may not be the
same as that for Earth.

In the absence of countermeasures, the results presented in
Table 2 and Figs. 3 and 4 provide a preliminary estimate of the
long-term effects of microgravity and fractional gravity on the
human cancellous skeleton. Although these results are based upon
clinical observations of bone changes in lumbar vertebrae,
reasonable estimates of the changes in other skeletal sites, such
as cortical and cancellous bone in the appendicular skeleton, can
be obtained provided suitable adjustments are made. For example,
our results would overestimate (nearly threefold) changes in
diaphyseal regions of long bones where the rate of bone loss
appears to be the lowest in the skeleton. Additional factors such
as histories of activity, age, and body weight may also affect the
precision of these estimates.

Application of the empirical formulae presented in this paper
makes an important, but currently inadequately supported, as-
sumption that results obtained for an osteogenic or positive
skeletal adaptive response can be extrapolated to negative skeletal
adaptations associated with disuse and fractional-gravity environ-
ments. Preliminary support for the assumption has been provided,
however, by the experimental studies of Rubin and Lanyon
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(1984, 1985, 1987), which suggest that the adaptive behavior of
bone corresponding to hypo- and hyperactivity are linear functions
of bone strain. Data obtained from future fractional-gravity
experiments may provide additional support for this assumption.

The theoretical results presented in this paper provide insight
into the limits (if any) of human performance and survivability
in non-Earth environments. This is an issue of major importance
in terms of extended human presence in future orbiting space
stations, during long-term space exploration, and on permanently
manned Moon and Mars bases. In a lunar gravitational environ-
ment (1/6 g), bone strength losses of 0.7% per week would limit
human presence on the Moon to about 100 weeks, at which point
a weakened skeletal structure could create serious hazards to
crew health during the stresses of reentry and return to terrestrial
gravitation. Similarly, more than three years could be spent in Mars
environment (3/8 g) before a weakened skeleton would be health
threatening, This would be equivalent to a period of about 35
weeks in a microgravity environment (10°¢g). The latter is
consistent with the results of bed-rest and immobilization data but
appears to be grossly underestimated in terms of data obtained
from astronauts and cosmonauts chronically exposed to micro-
gravity. Physiological manifestations intrinsic to the absence of a
gravitation field such as nervous, hormonal, and hemodynamic
factors and/or countermeasures employed during space missions
may be responsible for this apparent inconsistency.

On the basis of changes in skeletal mass observed during
increased activity, and in lieu of the recent 11-month endurance
record established by Soviet cosmonaut Romanenko, we might
predict that humans can function and survive indefinitely in a
microgravity or fractional-gravity environment provided that
adequate countermeasures are taken. Preliminary reports by Soviet
space officials that appears in the December 29, 1987, issue of
the New York 7imes indicate that Col. Romanenko was in good
health following his return to Earth. In addition to a rigorous work
schedule, Soviet cosmonauts exercise two hours a day on a
stationary bicyle and a treadmill, and they wear suits fitted with
elastic bands (“penguin” suits) that provide resistance to
movement and thus aid muscular conditioning. While counter-
measures of this nature appear adequate for relatively long space
missions, the results of this study suggest that more time- and
energy-effective exercise measures might include, for example,
anaerobic weight lifting.

Alternatively, artificial gravity may be sufficient to preserve
musculoskeletal conditioning within safe limits. Our results
suggest that a 3/8-g field should preserve skeletal strength above
the fracture risk level for over three years. One scenario for a
manned mission to Mars being considered by NASA is an “all-up”
type of mission, which would require a 36-month round trip. In
this type of mission the crew, equipment, and supplies are trans-
ported together in one vehicle. Such a mission would be nearly
three times as long as the current human microgravity endurance
record. An artificial gravity field of 3/8 g should be sufficient to
preserve muscoloskeletal integrity for the round trip to Mars and,
in addition, would enable the crew to acclimate to the martian
gravitational field. Artificial gravity, however, may not be the most
effective solution as problems associated with gravity gradients,
vehicle design, and energy expenditure may be prohibitive.
Exercise in conjunction with other countermeasures, such as as
osteogenic drug therapy, may be more practical. In addition,
problems associated with breakdown of the immune and cardio-
vascular systems must also be considered.

CONCLUSION

This study’s finding of a close correlation between skeletal
adaptation and activity provides the framework for the develop-
ment of future studies that will address the question of human
survival and habitability in space and on the Moon or Mars. Our
results predict that, in the absence of suitable countermeasures,
there are limits to the ability of humans to function in space for
extended periods and then return to Earth-normal gravity. Based
upon the results of previous clinical investigations of the osteo-
genic response of bone during increased activity, we believe that
rigorous activity such as weight training and sprinting are more
effective than more sedentary and less intensive activities such as
bicycling and running exercises. In addition, a 3/8-g artifical
gravity environment should sustain skeletal function in space at
a level suitable for a return to Earth for periods of greater than
three years. Fractional-gravity studies and studies of osteogenic-
inducing agents also deserve attention.

APPENDIX
Dimensional Analysis

Consider the parameters mass (M), gravity (g), density (p), and
modulus (E), which, with the exception of E, are representative
of the measured quantities comprising the power lifters data. The
above parameters are related to the fundamental quantities mass
(M), length (L), and time (T) as follows (Keiler, 1988)

(ki) (k) (ky) (ki)
P M g E
M 1 1 0 1
L -3 0 1 -1
T 0 0 ) -2

The power coefficients (k;) are thus related by the following
equations

ki+k;+k; =0 (A1)
-3k, +ky -k, =0 (A2)
-2k; -2ks =0 (A3)

Note that the number of dimensionless groups (DG) equals the
number of parameters minus the matrix rank, namely DG = 4 -
3 = 1. There are three equations and four unknowns. If, however,
we arbitrarily assign a power coefficient of 1 to the coefficient
k,, one can show that the coefficients k;, ks, and ky become

(k) (k2) (ks) (ki)
) M g E
T 1 -1/2 -1/3 -3/2

where the K; represent power coefficients in the dimensionless
expression



n_:p[MI/ZES/Zgi/Z] (A4)
In the case of the power lifters, E is an experimentally indeter-
minant quantity, but is related to bone density as E «< p* (Carter
and Hayes, 1976). Substituting the above into equation (A4) and

simplifying yields

p M1/7g5/7 (AS)
p = (Mg*)"” (A6)

On Earth g is a constant, and equation (6) reduces to
p < M7 (A7)

The exponent 1/7 in equation (A7) was found experimentally
to be 1/8 using the density and weight-lifted data obtained for
the power lifters.
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