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ple who live in a normal earth environment but who

have abnormal physiology. In contrast, astronauts are
people with normal physiology who live in an abnormal
environment. It is this abnormal environment in space that,
for the most part, causes unique alterations in astronauts’
physiology that require the attention of clinicians and scien-
tists. In this review, we build on the first article' in this series
and provide an overview of the many complex physiologic
changes that take place in short- and long-duration space
flight, most often in response to microgravity.

The goal of sending people farther into space and extending
the duration of missions from months to years will challenge
the current capabilities of space medicine. The knowledge and
experience in bioastronautics, associated with almost 50 years
of human space flight, will be critical in developing counter-
measures and clinical interventions to enable people to partici-
pate in these missions and return safely to earth.

Patients on earth with illness can be described as peo-

Evidence

To complement our first-hand experiences from space (col-
lectively over 2000 hours), we reviewed technical and special
publications from the National Aeronautics and Space Ad-
ministration (NASA) and peer-reviewed medical literature.
Most of the literature in this field is made up of case series
and descriptive studies. In this article, unreferenced state-
ments reflect our opinions as physician—astronauts who have
observed first-hand the physiologic acclimation to micrograv-
ity. Our clinical experiences as crew medical officers have
also been incorporated where applicable.

Acclimation

Acute changes in normal physiology in response to abnormal
environments are labelled acclimation for short-term exposure
(hours to days) or acclimatization for longer-term exposure
(days to months). In this review, we use the term acclimation
to describe the physiologic and psychological responses to the
space-flight environment. Table 1 provides a timeline of these
responses from launch to the period after landing.
Microgravity has the largest effect of the space-flight envi-
ronment on human physiology; all organ systems are affected
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Key points

e Physiologic acclimation to space flight is a complex process
involving multiple systems.

e Countermeasures before, during and after space flight are
essential to reduce health risks.

e Although most physiologic effects resolve shortly after re-
turn to earth, bone demineralization may be a permanent
consequence of long-duration space flight.

e The recovery period after a long-duration mission may be
longer than the mission.

e Countermeasures to mitigate medical risk of long-duration
space flight are being evaluated on the International
Space Station.

to some degree. Isolation and confinement can also have
important effects on the psychological well-being of astro-
nauts. Table 2 outlines the key effects of the space-flight en-
vironment on humans and the countermeasures that are taken
to address them.

Shift in body fluids
Acclimation of the cardiovascular system to weightlessness is
complex and not completely understood. Control mechanisms
involving the autonomic nervous system, cardiac functions
and peripheral vasculature all play a role.*®”' However, the
primary cause of these acclimations can be attributed to a re-
distribution of body fluids toward the head.” The supine
prelaunch position with the lower limbs raised above the
thoracoabdominal coronal plane initiates a fluid shift, which
continues during orbit, with blood and other fluids moving
from the lower limbs to the torso and head. During space
flight, the volume in the lower limbs decreases by about 10%
(1-2 L of fluid from the legs’ vascular and tissue space) com-
pared with preflight.> The facial fullness and unique puffy
appearance of the head coupled with reduced volume in the
lower limbs associated with this fluid redistribution is referred
to anecdotally as the “puffy face—bird leg”” syndrome.

The difficulty acquiring data during the ascent and post-
insertion (into orbit) phase of shuttle flight has resulted in the
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use of “6-degree head-down tilt” models to study cardiovas-
cular changes in microgravity. The shift of fluid toward the
head distends the baroreceptors of the central vasculature,
which triggers suppression of the renin-angiotension-
aldosterone system, release of atrial natriuretic peptide lead-
ing to increased renal excretion of salt and water, and a net re-
duction in plasma volume.* The early cardiovascular changes
associated with entry to microgravity differ from those ob-
served in bedrest models,” suggesting a more complex
process of acclimation.

The first 24 hours of space flight are characterized by a
17% reduction in plasma volume that results in transiently in-
creased levels of hematocrit. This appears to cause a decrease
in erythropoietin secretion,” leading to a reduction in the
mass of red blood cells. The net effect is an overall reduction
of about 10% in total blood volume.

Aerobic capacity can be maintained or improved in space,
but it is decreased in the postflight phase largely because of
reduced stroke volume and cardiac output in response to the
orthostatic challenge of reacclimation to gravity. Redistribu-
tion of body fluids with pooling of blood volume back in the
vasculature of the lower body in association with reduced in-
travascular blood volume contributes to landing-day orthosta-
tic stress. Typically, 1 out of 4 astronauts is unable to stand
quietly for 10 continuous minutes within hours of landing be-
cause of light-headedness, heart palpitations and syncope.

Countermeasures during space flight focus on exercise to
maintain aerobic capacity with a number of techniques and
devices to redistribute body fluids before landing (Table 2).

Space motion sickness

Most astronauts experience symptoms of neurovestibular ac-
climation during the first 1-2 days after arriving in space.
There is a similar period of reacclimation to gravity upon re-
turn to earth at the end of a mission. The predominant symp-
toms include facial pallor, cold sweating, stomach awareness,
nausea and, in some cases, vomiting. The term space motion
sickness has been used to describe this syndrome.”” The
broader syndrome of space acclimation includes space motion
sickness, facial fullness, headache and lethargy.

Terrestrial motion sickness typically occurs when there is
a mismatch between the visual and neurovestibular percep-
tion of motion. Many astronauts report alterations in percep-
tion while working in the unique weightless, 3-dimensional
environment of space where there is no up or down; these as-
pects of space may contribute to space motion sickness.

The redistribution of body fluids that occurs on entry into
microgravity is thought to account for some of the early
symptoms, and it may produce transient benign intracranial
hypertension.® The range of reported symptoms is most likely
because of a complex interaction between the autonomic
nervous system and the gastrointestinal system,” as well as
neurovestibular® and cardiovascular changes.”'*

Typically, space motion sickness is a short-lived phenom-
enon, with rapid improvement over the first 2-3 days of a
mission. Occasionally, some astronauts take longer to over-
come the symptoms. In very rare cases, a crew member has
been incapacitated by motion sickness for the duration of a
shuttle mission.

Table 1: Timeline of physiologic acclimation and acclimatization experienced by astronauts from launch to after return to earth

Duration of flight

Postflight period

Physiologic
effects Launch 24 h 48 h 2wk >1mo Landing 24-48 h 1-2 mo >1yr
Fluid e Redistribution ¢ 17% e Gradual decrease in e Orthostatic e Return of
redistribution of fluid to the reduction erythropoietin secretion, hypotension normal fluid
torso and head in plasma leading to a 10% decrease  from pooling of distribution
* 10% decreased volume in total blood volume fluids in the legs
fluid volume in
the legs
Neurovestibular e Space motion sickness ® Space motion sickness
effects
Muscle changes e Gradual decrease in e Gradual ® Muscle soreness and e Full recovery
muscle mass by 20% decrease in tightness of muscle mass
muscle mass and strength
by 30%
e Gradual decrease in muscle strength
(up to 50% loss observed)
Bone ® 60%-70% increase in calcium loss e Complete
demineralization (urinary, fecal). Reduced parathyroid or almost
hormone and vitamin D production. complete

e Gradual loss of bone density
(1%-2% per month)

Psychosocial

restoration of
bone density

e Fatigue, sleep debt, isolation, emotional effects, stress to the astronaut’s family, multicultural crew

effects environment

Immune e Possible reactivation of latent herpes e Numerous cellular and e Gradual

dysregulation viruses and impairment other changes leading to improvement
of cell-mediated immunity impaired immunity in immunity

(days to weeks)
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Similar neurovestibular acclimations are noted after land-
ing and persist for the first 1-2 days in a gravitational envi-
ronment. Orthostatic intolerance may contribute to a multifac-
torial syndrome after landing, which includes light-
headedness, vertigo, gait disturbance and motion sickness.
This condition has, in some cases, required intravenous drug
and fluid administration. This constellation of symptoms after
landing is of particular concern for astronauts on long-dura-
tion missions, for whom the magnitude of the symptoms is
greater than for those on shorter missions. Neurovestibular
changes are important because they affect crew performance
in the final minutes of the mission during the critical landing
phase and impair the ability of the crew to leave the space ve-
hicle in an emergency situation after landing. The measures to
mitigate space motion sickness are described in Table 2.

In the coming decades, humans will return to the moon
and will ultimately begin to explore Mars. To prepare for
these missions, it is critical that we develop countermeasures
to prevent or reduce motion sickness associated with adapting
to space and gravitational environments. Future missions will
expose astronauts to 3 days of microgravity while in transit to
the moon. Once on the lunar surface, they will adapt to the lu-
nar gravitational force, which is 16% of that of earth. Some of
the Apollo crew members experienced space motion sickness
during acclimation to microgravity, but no symptoms of
space motion sickness were reported during acclimation to
lunar gravity.'® Neurovestibular countermeasures will be de-
veloped to optimize astronaut performance while adapting to
lunar gravity and the 38% gravitational field of Mars.

Muscle atrophy

Muscles lose both mass and strength during space flight. The
muscles most affected are the postural muscles that maintain
our bodies upright in a gravitational environment. After a
2-week space flight, muscle mass is diminished by up to
20%.° On longer missions (3—6 months), a 30% loss is noted.’

The fundamental cause of this muscle atrophy is the ab-
sence of gravitational loading on bones and muscles during
space flight. Muscle unloading results in biochemical and
structural changes. Additional factors that contribute to mus-
cle loss may be suboptimal nutrition and stress.*

Gross muscle atrophy is paired with a reduction in the size,
not the number, of muscle fibres. Protein synthesis in muscle
fibres is decreased, and protein degradation is increased. In
the new in-flight equilibrium state, protein synthesis is
decreased by 15% compared with preflight, and fibre cross-
sectional areas are reduced by 20%—-50%.%° Type 2 fibres of
the postural muscle groups seem to experience greater losses
than type 1 fibres. Muscle biopsies after landing also indicate
a phenotypic shift from type 1 to type 2 fibres, allowing the
muscles to contract faster but resulting in more fatigue.**

In concert with atrophy, muscles also lose strength. Follow-
ing short flights, a 12% loss of peak knee extension torque was
measured, and a 31% loss was noted after a long flight.” The
loss of volume and the loss of strength do not always correlate.
After a 6-month mission, one astronaut lost 20% of calf mus-
cle volume, while the explosive force of these muscles was de-
creased by 50%.° The discrepancy between lost mass and de-
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Expedition 13 Flight engineer Jeff Williams exercises on a
treadmill aboard the International Space Station.

creased force may be due to alterations of motor unit recruit-
ment, the contractile apparatus, electromechanical efficiency
or muscle damage. After 4 months in space, muscle mass and
strength seem to reach a new steady state, although the ele-
vated level of nitrogen excretion in the urine persists.**

Following return to earth, astronauts’ deconditioned mus-
cles are once again loaded by gravitational forces. Astronauts
then report muscle soreness, tight hamstrings and calves and,
in some cases, symptoms of plantar fasciitis.®’

Preflight physical conditioning is used to optimize muscle
strength and endurance, aerobic capacity and bone density be-
fore long-duration flights. The primary countermeasures
against microgravity induced muscular changes are exercise
during space flight and rehabilitation after landing (Table 1).
Exercise during space flight is helpful, but it does not fully
prevent muscle loss.*’ Additional countermeasures must be
developed for future flights because a required 2-hour daily
exercise program consumes valuable resources on the Inter-
national Space Station including oxygen, water, food and
crew-time.* Each astronaut returning from the space station
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participates in an aggressive muscle conditioning and rehabil-
itation program. In most cases, muscle mass and strength are

fully recovered after 1-2 months back on earth.”

Bone demineralization

Microgravity induces a loss of bone density. In the micro-

gravity environment of space, astronauts are no longer stati-

Table 2: Countermeasures to minimize risks to astronauts before, during and after spaceflight

Physiologic effects;
duration of flight

Before flight

During flight

After flight

Shift in body fluids
(cardiovascular effects)

Long and short duration

Space motion sickness
(neurovestibular effects)

Long and short duration

Muscle atrophy
Long and short duration

Bone demineralization
Long and short duration
Long duration

Psychosocial effects
Long and short duration

Long duration

Immune dysregulation
Long and short duration

* None

¢ Neurovestibular
conditioning (virtual reality,
parabolic or aerobatic flights)

e Antinauseant medications

® Resistance exercise program
¢ Aerobic exercise program

e 3 DXA scans per year

e 2 DXA scans within 6
months after flight

e Specific criteria for
recruitment'™"” and specific
behavioural competencies for
assignment to missions

¢ Didactic training, including
teamwork in multicultural
settings, and field-based
training in leadership and
followership skills

e Quarantine program

e Restricted contact with
general public for 1 week
before flight

e Exercise

¢ Negative pressure suits for the lower body
(to mechanically induce an earth-equivalent
body fluid distribution while in space)

e On re-entry: isotonic fluid taken orally,’
use of a pressurized anti-gravity suit to
minimize fluid pooling in the legs, use of a
liquid cooling garment, recumbent position
for astronauts on long-duration missions’

e Antinauseant medications’(promethazine,
scopolamine®) often given with
dextroamphetamine to counter sedation

¢ Exercise (aerobic and strength)
monitored and modified by on-ground
medical support team®”®

e Others measures under consideration:
electrical muscle stimulation, dietary
supplementation with amino acids,
artificial gravity (e.g., rotating
spaceship)®”®’

e Resistance exercises''""

e Diet supplemented with calcium and
vitamins D and K"

e Others measures under consideration:
bisphosphonates; potassium citrate;
parathyroid hormone; low magnitude, high
frequency vibrations'®'""

¢ Individualized work schedules monitored
by ground support crew, with 8 hours rest
per day

¢ Short-acting hypnotics (to prevent sleep
loss and cumulative sleep deficit) and
modafanil (to enhance performance after
periods of reduced sleep)

* Daily exposure to artificial gravity® and
nutritional supplementation with
nucleotides”are being considered

® The use of midodrine
(to counter postflight
orthostatic intolerance)
is being considered

¢ Intravenous antinauseant
and fluid administration
for severe postlanding
syndrome

¢ Muscle conditioning
and rehabilitation
program, including a
combination of adapted
exercises, massages, icing
and nonsteroidal anti-
inflammatory agents

e 4 DXA scans over 3
years

e Temporary restriction of
some activities (e.g., flying
high-performance jets)'*"

¢ Psychological debriefing
sessions

e Collection of biological
samples to assess immune
function

Note: DXA = dual energy x-ray absorptiometry.
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cally loaded by gravity. Skeletal impact
loads typically associated with running
and walking on earth are greatly reduced
or absent. Because skeletal remodelling
is dependent on the level of strain within
the bone, this absence of loading is sig-
nificant."*'""” Other factors that may con-
tribute to bone loss in space include low
levels of light, resulting in decreased
vitamin D3, and higher ambient levels of
carbon dioxide, leading to respiratory
acidosis."

Bone demineralization begins imme-
diately on arrival in space. During the
first days of a mission, a 60%—70%
increase in urinary and fecal calcium is
noted,'*"* which continues throughout the
mission. Bone resorption markers are in-
creased in urine' and the blood levels of
parathyroid hormone and 1,25-dihydrox-
yvitamin D production are reduced."”

NASA/courtesy of nasaimages.org

The loss of bone density is about
1%-2% per month in weight-bearing
bones such as the lumbar vertebrae,

An astronaut is tethered to the Canadarm2 outside the International Space Station
during mission STS-114.

pelvis, femoral neck, trochanter, tibia

and calcaneus.'”">"*5% n these regions, the loss of bone den-
sity after a 6-month stay on the space station is typically
8%—12%." There are large differences in the loss of bone
density between individuals, as well as between bone sites in
a given individual. A voyage to Mars (a 2.5-year round-trip)
would deteriorate bone to osteoporotic levels if no counter-
measures were used. The loss of trabecular bone could be so
great that osteoblasts would be unable to rebuild the bone
architecture upon return to earth.'*!"*!7

Preflight assessments of bone mineral density using dual
energy x-ray absorptiometry and quantitative computed
tomography have been used to evaluate changes in bone min-
eral density associated with long-duration missions aboard the
International Space Station and to monitor the efficacy of re-
habilitation after landing with resistance exercise and, in
some cases, bisphosphonate therapy.

Following return to earth, the loss of bone density may
continue. The recovery process is typically lengthy* and is
frequently much longer than the time spent in space. Similar
to patients on bedrest or with incomplete spinal cord injuries,
bone recovery may not be complete for several years. Patients
on long-duration bedrest experience similar patterns of bone
loss and calcium balance (-180 mg/day) as astronauts, who
experience elevated resorption markers, unchanged formation
markers, decreased 1,25 vitamin D and calcium absorption,
and increased serum ionized calcium.”

After returning to earth, astronauts are temporarily re-
stricted from participation in some activities, such as flying
high-performance jets because of the axial skeletal loading
associated with high G forces.'*'> Most astronauts on long-
duration missions to the International Space Station
will fully recover their bone density within 3 years after
flight. However, some astronauts will never regain preflight
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levels," and the recovered bone may have different structure
and mineralization.*

There is concern that astronauts may become osteoporotic
at an earlier age and that the risk of bone fracture may be in-
creased." Fractures could theoretically occur during strenuous
spacewalks or upon return to earth." Furthermore, elevated
calcium excretion increases the risk of kidney stone forma-
tion. Kidney stones have been reported following shuttle
flights.'*!"! Because it takes such a long time to regain lost
bone mass after flight, the focus of countermeasures is on the
prevention of bone loss during flight (Table 1)

Psychosocial effects
Astronauts possess a wide range of technical skills related to
the objectives of the space mission and a repertoire of behav-
ioural competencies that enable them to function in a multi-
cultural crew setting. These competencies play a critical role
in the psychosocial acclimation of an astronaut to space,
where faults cannot be tolerated.”” The operational setting in
which time-critical decisions with major consequences are re-
quired may contribute unique stressors to crew interactions
throughout the mission, particularly during long-duration
space flight.”** A number of these elements are presented in
training for space-flight resource management. The same
principles are directly applicable to medical practice, both to
reduce errors and create peak-performing clinical teams.
Selection criteria for the recruitment of astronauts from the
general population (“select-out”) and assignment of astro-
nauts to specific missions (‘“select-in”) are used to prevent
mission-critical behavioural issues.”*® Extensive preflight
training is used to develop “expeditionary behaviour,” a com-
plement of space-related psychosocial skills that are typically
associated with the success of missions. The ground-based
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medical support team also works to maintain the performance
of the on-orbit crew by providing behavioural support via
video teleconferences with family, private psychological con-
ferences and provision of recreational material such as DVDs,
books and musical instruments.

The unique space-flight environment (e.g., temperature ex-
tremes, circadian dyssynchrony, acoustic noise) and opera-
tional requirements of long-duration space flight can con-
tribute to fatigue and sleep debt. Scheduled uninterrupted
sleep periods, noise-attenuated sleep stations and the intermit-
tent use of short-acting sleeping medications or modafanil can
reduce the amount of fatigue experienced by the crew and the
deleterious effects on performance.

Although the emotional effects of space flight are mostly
positive, they are profound.” These effects can be negative
and may last long after a flight if a performance-related issue
affects an astronaut during the mission. Fatigue, for example,
increases an astronaut’s probability of making an error and
decreases the capacity of each crewmember to deal with ad-
versity, frustration and interpersonal challenges.

Long-duration expeditions aboard the International Space
Station are a major undertaking for the astronaut’s family.
The prolonged training phase and the international travel re-
quirements add to the challenges experienced by the family.
The prolonged stress of having a spouse or parent exposed to
the time demands and risks associated with training and long-
duration space flight can be deleterious to the well-being of
the family. The astronaut’s spouse must cope with all of the
family and household responsibilities.

Support is provided after landing to astronauts and their
families by behaviour health and performance teams. A
multinational behaviour and performance working group has
made a number of important recommendations to the Interna-
tional Space Station program to enhance crew perform-
ance.”*' Many international partners have implemented
family-support programs to help with the myriad issues faced
by astronauts and their families.

The importance of developing the appropriate criteria for
select-out and select-in decisions, as well as the training required
to develop the necessary behavioural competencies for long-
duration space exploration, will play a critical role in the future
as we prepare to send people back to the moon and on to Mars.*

Immune dysregulation

Immune dysregulation was first observed in astronauts fol-
lowing missions in the 1960s and 1970s. Half of the Apollo
astronauts reported bacterial or viral infections that occurred
during flight or soon after return to earth.”” Blood samples
drawn from 9 astronauts after flight from the Skylab Space
Station showed that lymphocyte activation by mitogens was
significantly reduced compared with that of preflight samples
and samples from control people.*

Much is known about astronauts’ immune status immedi-
ately following space flight, but less is known about immu-
nity during space flight. The few in-flight studies that have
been performed indicate that space flight may be specifically
associated with reactivation of latent herpes viruses*®*” and
impairment of cell-mediated immunity.*
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Observations of astronauts’ immune status after landing
have shown numerous changes, including altered distribution
of circulating leukocytes, altered production of cytokines,
decreased activity of natural killer cells, decreased function of
granulocytes, decreased activation of T cells, altered levels of
immunoglobulins, latent viral reactivation, altered virus-
specific immunity, expression of Epstein-Barr virus immediate-
early/late genes, and altered neuroendocrine responses.”

Immediate immune impairment before and after space
flight probably reflects the very high levels of physical and
psychological stress endured by astronauts at these times.
Causal effects for impairment during flight likely include
physiologic stress, isolation, confinement, disrupted circadian
rhythms or other flight-associated factors. Increased circulat-
ing levels of glucocorticoids and catecholamines, a common
occurrence during space flight,* may mediate changes in the
immune system. The role of ionizing radiation on immune
dysfunction is not yet certain. Weightlessness may also con-
tribute to flight-associated immune dysregulation. In-flight
and ground-based studies have shown that the lack of gravity
impedes signalling pathways essential for early T-cell activa-
tion™ and leads to alterations in the organization of the
cytoskeleton and microtubule organizing centres.”*

Potential adverse clinical events that may be related to pro-
longed dysregulation of the immune system include hyper-
sensitivities, autoimmunity, allergies, infectious diseases,
latent viral reactivation and even malignant diseases. Bacteria
that were recently cultured in-flight were found to have sig-
nificantly increased pathogenicity.” We need to determine the
clinical risk related to immunity and space flight before initi-
ating missions to the moon and Mars.*

Most of our knowledge is limited to low earth orbital
flights of short duration. Very few of the incidents of infec-
tious disease during space flight* have jeopardized a mission.
Nevertheless, countermeasures for before takeoff have been
developed, including verification that astronauts’ hema-
toloical and immunological function are within normal ranges
for healthy people, as well as a quarantine program to reduce
exposure of the crew to communicable diseases (Table 1).

Future considerations include exposing astronauts to earth-
like gravitational forces while onboard a spacecraft. Daily ex-
posure to artificial gravity by use of short-radius centrifuga-
tion has been shown to be protective against immune
dysfunction and other adverse physiologic changes (mus-
culoskeletal, cardiovascular) associated with weightlessness.'

Conclusion

Space physiology and medicine is a young discipline that has
made great strides in the first half century of human space
flight. We have a good understanding of the medical problems
associated with short-duration space flight, and have success-
fully developed countermeasures. The new challenge is long-
duration space flight. Clinicians are currently refining the deliv-
ery of medical care for astronauts who live for longer periods
aboard the International Space Station. They also seek to better
understand the medical issues that future astronauts will face
when we venture back to the moon and eventually on to Mars.

e JUNE 23, 2009 e« 180(13)



This article has been peer reviewed.

Competing interests: David Williams was employed by the Canadian Space
Agency from 1992 to 2008. During this time, he performed research into the
space environment. None declared for Robert Thirsk, Andre Kuipers and
Chiaki Mukai.

Contributors: All of the authors were involved in the drafting and revision
of the article and approved the final version submitted for publication.

REFERENCES

1. Thirsk R, Kuipers A, Mukai C, et al. The space-flight environment: the Interna-
tional Space Station and beyond. CMAJ 2009;180:1216-20.

2. Bungo MW, Charles JB, Johnson PC Jr. Cardiovascular deconditioning during
space flight and the use of saline as a countermeasures to orthostatic intolerance.
Aviat Space Environ Med 1985;56:985-90.

3. International Space Station Medical Operations Requirements Document (ISS
MORD). Washington (DC): National Aeronautics and Space Administration;
2007.

4. Yates BJ, Miller AD, Lucot JB. Physiological basis and pharmacology of motion
sickness: an update. Brain Res Bull 1998;47:395-406.

5. Boyd JL, Du B, Vaksman Z, et al. Relative bioavailability of scopolamine dosage
forms and interaction with dextroamphetamine. J Gravit Physiol 2007;14:P107-8.

6. Clement G. Musculo-skeletal system in space. In: Fundamentals of space medicine.
Dordrecht, Netherlands: Kluwer Academic Publishers; 2003. p. 173- 204.

7. Shackelford LC. Musculoskeletal response to space flight. In: Barratt MR, Pool
SL, editors. Principles of clinical medicine for space flight. New York (NY):
Springer Science and Business Media; 2008. p. 293-306.

8. Buckey JC Jr. Muscle loss: approach to maintaining strength. In: Space physiology.
New York (NY): Oxford University Press; 2006. p. 77-100.

9. Di Prampero PE, Narici MV, Tesch PA. Muscles in space. In: Fitton B, Battrick B,
editors. A world without gravity: research in space for health and industrial
processes. Paris (France): European Space Agency; 2001. p. 69-82.

10. Buckey JC. Bone loss: managing calcium and bone loss in space. In: Barratt MR,
Pool SL, editors. Space physiology. New York (NY): Oxford University Press;
2006. p. 5-21.

11. Shackelford LC. Musculoskeletal response to space flight. In: Principles of clinical
medicine for space flight. New York (NY): Springer Science and Business Media;
2008. p. 293-306.

12. LeBlanc A, Schneider V, Shackelford L, et al. Bone mineral and lean tissue loss af-
ter long duration space flight. J Musculoskeletal Neuronal Interact 2000;1:157-60.

13. Heer M. Nutritional interventions related to bone turnover in European space mis-
sions and simulation models. Nutrition 2002;18:853-6.

14.  Clement G. Musculo-skeletal system in space. In: Fundamentals of space medicine.
Dordrecht, Netherlands: Kluwer Academic Publishers; 2003. p. 173- 204.

15. Lang T, LeBlanc A, Evans H, et al. Cortical and trabecular bone mineral loss from
the spine and hip in long-duration spaceflight. J Bone Miner Res 2006;19:1006-12.

16. Johnston RS, Dietlein LF, Berry CA, editors. Biomedical Results of APOLLO.
Washington (DC): National Aeronautics and Space Administration; 1975.

17. Cann C. Response of the skeletal system to spaceflight. In: Churchill SE, editor.
Fundamentals of space lifesciences. Vol. 1. Malabar (FL): Krieger publishing
company; 1997. p. 83-103.

18. Mehta SK, Crucian B, Pierson DL, et al. Monitoring immune system function and
reactivation of latent viruses in the Artificial Gravity Pilot Study. J Gravit Physiol
2007;14:P21-5.

19. Kulkarni A, Yamauchi K, Sundaresan A, et al. An evidence based countermeasure
for space flight: nutritional nucleotide augmentation of immunity. Proceedings of
the 56th International Astronautical Congress; 2005 Oct. 17-21; Fukuoka, Japan.

20. Levine BD, Zuckerman JH, Pawelcyzk JA. Cardiac atrophy after bed-rest decondi-
tioning: a nonneural mechanism for orthostatic intolerance. Circulation 1997,96:
517-25.

21. Levine BD, Pawelcyzk JA, Ertl AC, et al. Human muscle sympathetic neural and
haemodynamic responses to tilt following spaceflight. J Physiol 2002;538:331-40.

22. Charles JB, Lathers CM. Cardiovascular adaptation to spaceflight. J Clin Pharma-
col 1991;31:1010-23.

23. Leach CS, Inners LD, Charles JB. Changes in total body water during space flight.
J Clin Pharmacol 1991;31:1001-6.

24. Guell A. Countermeasures: extending manned spaceflight. Acta Astronaut 1995;
35:271-80.

25. Buckey JC. Effect of spaceflight on the cardiovascular system. Space physiology.
New York (NY): Oxford University Press; 2006. p. 149-54.

26. Michel EL, Rummel JA, Sawin CF, et al. Results of Skylab Medical Experiment
M171- Metabolic activity. In: Johnston RS, Dietlein LF, editors. Biomedical re-
sults from Skylab. Washington (DC): National Aeronautics and Space Administra-
tion; 1977. p. 372-87.

27. Heer M, Paloski WH. Space motion sickness: incidence, etiology, and countermea-
sures. Auton Neurosci 2006;129:77-9. Epub 2006 Aug. 28.

28. Lakin WD, Stevens SA, Penar PL. Modeling intracranial pressures in micrograv-
ity: the influence of the blood-brain barrier. Aviat Space Environ Med 2007;78:
932-6.

29. Muth ER. Motion and space sickness: intestinal and autonomic correlates. Auton

CMAJ

e JUNE 23, 2009 e« 180(13)

REVIEW

Neurosci 2006;129:58-66. Epub 2006 Sep. 6.

30. Young LR. Vestibular reactions to spaceflight: human factors issues. Aviat Space
Environ Med 2000;71(Suppl 9):A100-4.

31. Hawkey A. The physical price of a ticket into space. J Br Interplanet Soc 2003;56:
152-9.

32. Williams DR. The biomedical challenges of space flight. Annu Rev Med 2003;54:
245-56.

33. Cancedda R. The skeletal system. In: Fitton B, Battrick B, editors. A world without
gravity: research in space for health and industrial processes. Paris (France): Eu-
ropean Space Agency; 2001. p. 83-92.

34. Lang TF, LeBlanc AD, Evans HJ, et al. Adaptation of the proximal femur to skele-
tal reloading after long-duration spaceflight. J Bone Miner Res 2006;21:1224-30.

35. Musson DM, Helmreich RL. Long-term personality data collection in support of
spaceflight and analogue research. Aviat Space Environ Med 2005;76(Suppl):
B119-25.

36. Kanas N, Salnitskiy V, Grund EM, et al. Human interactions in space: results from
Shuttle/Mir. Acta Astronaut 2001;49:243-60.

37. Collins DL. Psychological issues relevant to astronaut selection for long-duration
space flight: a review of the literature. Hum Perf Extrem Environ 2003;7:43-67.

38. Dion KL. Interpersonal and group processes in long-term spaceflight crews: per-
spectives from social and organizational psychology. Aviat Space Environ Med
2004;75(Suppl 7):C36-43.

39. Ritsher JB, Ihle EC, Kanas N. Positive psychological effects of space missions.
Acta Astronaut 2005;57:630-3.

40. Bessone L, Coffey E, Inoue N, et al. International Space Station Human Behavior &
Performance Competency Model. Vol. 1. Washington (DC): National Aeronautics
and Space Administration; 2008. Available: http:/ston.jsc.nasa.gov/collections/TRS
/_techrep/TM-2008-214775Voll.pdf (accessed 2009 Apr. 8).

41. Bessone L, Coffey E, Filippova N, et al. International Space Station Human Be-
havior & Performance Competency Model. Vol. 2. Washington (DC): National
Aeronautics and Space Administration; 2008. Available: http:/ston.jsc.nasa.gov
/collections/TRS/_techrep/TM-2008-214775Vol2.pdf (accessed 2009 Apr. 8).

42. Manzey D. Human missions to Mars: new psychological challenges and research
issues. Acta Astronaut 2004;55:781-90.

43. Hawkins W, Zieglschmid J. Clinical aspects of crew health. In: Johnston R, Di-
etlein L, Berry C, editors. Biomedical results of Apollo. Washington (DC): Na-
tional Aeronautics and Space Administration; 1975. p. 43-81.

44. Kimzey SL. Hematology and immunology studies. In: Johnson RS, Dietlein LF,
editors. Biomedical results from Skylab. Washington (DC): National Aeronautics
and Space Administration; 1977. p. 248-82.

45. Mehta SK, Stowe RP, Feiveson AH, et al. Reactivation and shedding of cy-
tomegalovirus in astronauts during spaceflight. J Infect Dis 2000;182:1761-4.

46. Pierson DL, Stowe RP, Phillips TM, et al. Epstein-Barr virus shedding by astro-
nauts during space flight. Brain Behav Immun 2005;19:235-42.

47. Mehta SK, Cohrs RJ, Forghani B, et al. Stress-induced subclinical reactivation of
varicella zoster virus in astronauts. J Med Virol 2004;72:174-9.

48. Gmunder FK, Konstantinova I, Cogoli A, et al. Cellular immunity in cosmonauts
during long duration spaceflight on board the orbital MIR station. Aviat Space En-
viron Med 1994,65:419-23.

49. Crucian B.. Risk of crew adverse health event due to altered immune response. In:
Human Research Program Evidence Book. Washington (DC): National Aeronau-
tics and Space Administration; 2008.

50. Boonyaratanakornkit JB, Cogoli A, Li CF, et al. Key gravity-sensitive signaling
pathways drive T-cell activation. FASEB J 2005;19:2020-2. Epub 2005 Oct. 6.

51. Lewis ML, Reynolds JL, Cubano LA, et al. Spaceflight alters microtubules and in-
creases apoptosis in human lymphocytes (Jurkat). FASEB J 1998;12:1007-18.

52. Hughes-Fulford M. Function of the cytoskeleton in gravisensing during space-
flight. Adv Space Res 2003;32:1585-93.

53. Wilson JW, Ott CM, Honer zu Bentrup K, et al. Spaceflight alters bacterial gene
expression and virulence and reveals a role for global regulator Hfq. Proc Natl
Acad Sci U S A 2007;104:16299-304.

54. Borchers AT, Keen CL, Gershwin ME. Microgravity and immune responsiveness:
implications for space travel. Nutrition 2002;18:889-98.

Correspondence to: Dr. David Williams, Department of Surgery,
McMaster University, c/o St Joseph’s Healthcare Hamilton, 50
Charlton St. E, Hamilton ON L8N 4A6; fax 905 521-6197
willd@mcmaster.ca

Articles to date in this series

e Thirsk R, Kuipers A, Mukai C, et al. The space-flight envi-
ronment: the International Space Station and beyond.
CMAJ 2009;180:1216-20.

e Thirsk R, Kuipers A, Mukai C, et al. Spinoffs from space.
CMAJ 2009;180:1317-23.

1323




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


