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The United States Government has recently refocused their space
program on manned missions to the Moon by 2018 and later to Mars.
While there are many potential risks associated with exploration-class
missions, one of the most serious and unpredictable is the effect of acute
space radiation exposure, and the space program must make every
reasonable effort to mitigate this risk. The two cosmic sources of radia-
tion that could impact a mission outside the Earth’s magnetic field are
solar particle events (SPE) and galactic cosmic radiation (GCR). Either
can cause acute and chronic medical illness. Numerous researchers are
currently examining the ability of GCR exposure to induce the devel-
opment of genetic changes that lead to malignancies and other delayed
effects. However, relatively little has been published on the medical
management of an acute SPE event and the potential impact on the
mission and crew. This review paper will provide the readers with
medical management options for an acute radiation event based on
recommendations from the Department of Homeland Security (DHS),
Centers for Disease Control (CDC), and evidence-based critical analysis
of the scientific literature. It is the goal of this paper to stimulate debate
regarding the definition of safety parameters for exploration-class mis-
sions to determine the level of medical care necessary to provide for the
crew that will undertake such missions.
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INCE YURI GAGARIN first left Earth’s surface to

the most recent space station experiences, the haz-
ards of working and living in space have become more
familiar. The Apollo program ended 30 yr ago and
marked the last time a human has left the partial pro-
tection of the Earth’s magnetic field. Recently, a new
goal has been provided to the American space pro-
gram—to once again leave low-Earth orbit and travel
safely to the Moon and then ultimately to Mars. Long-
duration exploration-class missions promise to bring a
wealth of knowledge and experience, but technological
and biophysical hurdles must be overcome before such
missions can be safely accomplished.

One of the most important questions that must be an-
swered for these 6-mo to 3-yr long-duration missions is
the medical effects of space radiation on crewmembers.
Much work has been done examining the chronic and
cumulative effects of space radiation (22,72,80,87,88,103).
However, relatively little has been done in the way of
understanding and defining the necessary medical treat-
ment capabilities that would be required to treat an acute
radiation exposure on an extended mission where there is
no possibility of aborting the mission and quickly return-
ing to Earth. An evacuation from the International Space
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Station (ISS) or perhaps even the Moon to Earth can be
done in a timely fashion if the patient is stable. Mars
missions present a different medical paradigm, where the
ability to quickly return to Earth is impossible. Those
aboard the spacecraft must have all the necessary tools
with them to limit and medically manage an acute radia-
tion exposure.

The National Research Council, NASA, and other
agencies have determined that the study, management,
and design of mitigation strategies to prevent radiation-
induced damage are critical roadmap questions that
must be answered before interplanetary missions can
be initiated (19). It is the intent of this paper to describe
the clinical manifestations of an acute radiation event
during an exploration-class mission and to determine
the necessary medical resources required to treat such
an event so as to provide an adequate standard of care
to exposed crewmembers.

Space Radiation

Radiation has two effects on tissue: excitation and
ionization. Excitation occurs when an electron is ele-
vated to a higher energy state but remains within the
atom, while ionization results in the release of at least
one electron from that atom. Ionizing radiation can be
divided into either electromagnetic radiation or partic-
ulate radiation (77). Photons are of zero rest mass and
travel at the speed of light. Photons energetic enough to
ionize biological tissue are ultraviolet rays, X-rays, and
gamma rays. In interplanetary space the primary radi-
ation comprises protons, alpha particles, and heavier
nuclei called cosmic rays. Neutrons are usually pro-
duced through secondary particle interactions in space-
craft materials while electrons are of significance only in
the Earth’s radiation belts. Galactic cosmic rays (GCR)
strike continuously and isotropically and are modu-
lated by the 11-yr solar cycle with minimum intensity
around solar maximum (5).
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Two types of solar events result in large increases in
radiation flux, known as solar particle events (SPE).
Solar cosmic rays or solar particles arise from sporadic
acceleration processes at the sun (solar flares) or in
shock waves (coronal mass ejections) in the solar wind
(the stream of ionized gas or plasma that flows contin-
uously from the sun). These two types of solar eruption
produce energetic particles which are orders of magni-
tude higher in abundance than the background GCR.
The greatest number of events tends to be mainly
around solar maximum, but they can occur at any time.
The particles travel at a significant fraction of the speed
of light and arrive about 8 min after the photons, which
signal the magnitude of their acceleration. However,
the bulk of the particles undergo a scattering process
and the increases are typically spread over a day or two.
Events vary greatly in intensity, but increases of 3 to 5
orders of magnitude can occur, so acute lethal effects
may be produced in a matter of hours. Fortunately
there have only been a few events this severe. The
Earth’s magnetic field can shield astronauts from solar
particles in low Earth orbit apart from the time spent at
high latitudes. The much weaker fields of the Moon and
Mars are ineffective shields and the exposure is imme-
diate, unlike Earth, where the orbital path must take the
vehicle close to the magnetic poles or South Atlantic
Anomaly.

Radiation dose measurements use the standard unit
Gray (Gy), which is defined as a joule of energy ab-
sorbed as ionization and excitation per kg of tissue. A
Sievert (Sv) is the absolute dose of radiation in Gy,
modified by the relative biological effectiveness (RBE)
of a particular form of radiation. For example, for
gamma rays, 1.0 Gy = 1.0 Sv; while for a more densely
ionizing radiation source that has more biological effect
such as a neutron of a particular energy level, 0.1 Gy =
1.0 Sv. To normalize these values, quality factors have
been determined for different types of radiation and, in
the example above, a quality of 10 would apply for that
neutron vs. a quality factor of 1 for gamma rays (47).
However, considerable work remains in defining the
RBE of different high-energy particles, including those
emitted by the Sun during an SPE, and their associated
quality factors.

The largest SPE on record for lower energies occurred
in August 1972 and has been the subject of significant
analysis. Fortunately, this event occurred between
Apollo missions and resulted in no casualties. Recent
analysis has found the dose rate during this event was
significantly higher than previously reported and ex-
ceeded the low-dose-rate criteria of both the National
Council on Radiation Protection and the United Na-
tions Scientific Committee on the Effects of Atomic
Radiation (71). The bone marrow dose that would have
been accumulated on the Moon was 0.8 Gy and was
well within the range of doses that could cause a serious
hazard. Spacesuits (1-5 g - cm™ aluminum shielding)
would not have mitigated the tissue-damaging effects
of this SPE, which might have resulted in significant
hematological consequences (i.e., depressed white
blood cell count and possible pancytopenia) (71). If the
intensity of the 1972 flare had been combined with the
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hard spectrum of the February 1956 event, calculations
show that a lethal dose would have been absorbed
within about 20 h, even with shielding of 16 g - cm ™2 of
aluminum (the Space Shuttle provides a maximum of
2 g - cm™? of aluminum) (19). While these cases have
been called “worse-case scenarios,” solar flares have
only been measured for a few decades and, therefore,
the potential exists for even greater exposure. The un-
certainty of these potentially lethal events is of serious
concern to the space medical community.

GCR originates outside our solar system, and is pre-
dominately high-energy protons, alpha particles, and
heavy nuclei, particularly iron. Of the radiation fluence
encountered by astronauts during a trip to Mars, 80—
90% will come from protons. However, GCR radiation
is not thought to produce acute injury, but rather exerts
its effects chronically. While shielding can be quite ef-
fective against other forms of radiation, high-energy
GCR can pass through conventional thickness shield-
ing. Additionally, when GCR ions collide with shield-
ing material, a release of secondary particles and radi-
ation occurs and could potentially be more dangerous
than the original particle (93).

Radiation can exert its damaging effects through
multiple mechanisms. It causes the breaking of double-
stranded DNA and proliferating cells such as those in
the immune system; bone marrow and less differenti-
ated cells that line the gastrointestinal tract are partic-
ularly radiosensitive due to their high turnover. Chro-
mosome alterations in lymphocytes can be seen
through multiple techniques and can, in fact, be used to
estimate the dose (Sv) that has been absorbed for long-
duration missions (23,30,35-37). Radiation can also in-
teract with H,0O, resulting in the production of free
oxygen radicals. Free radicals can readily interact with
DNA and other molecules, causing cell damage and
death.

Mitigation Strategies for an Acute Radiation
Exposure in Space

Primary and Secondary Prevention

Primary prevention could include the selection of
astronauts who are inherently more resistant to the
effects of space radiation. We do not currently have that
capability, and will likely not possess the ability in time
for the proposed Moon or Mars missions. There is a
theoretical advantage to selecting astronauts who have
lower cumulative career radiation exposure levels to
keep the probability of radiation-induced disease low
or at least comparable to other hazards. Unfortunately,
with large acute exposures, these strategies are likely to
have little mitigating effect.

Secondary prevention relies on minimizing radiation
damage given the fact that crewmembers will be ex-
posed. This can be accomplished using various strate-
gies that include more effective shielding, an early
warning system that can direct the crewmembers into a
heavily shielded safe-haven module, using propulsion
systems that can minimize the travel time during the
interplanetary portion of the mission, and the adminis-
tration of radioprotective compounds. The beginnings
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TABLE 1. SYMPTOMS OF ACUTE RADIATION EXPOSURE.

Dose (Sv) Symptoms Outcome Syndrome
0-0.25 None — —
0.25-1 Mild nausea and loss of appetite Bone marrow damage, lymph node and Bone Marrow
spleen damaged
1-3 Mild to severe nausea, loss of Same as above, recovery probable Bone Marrow
appetite, infection
36 Severe nausea and diarrhea, Death occurs with doses greater than Gastrointestinal
hemorrhaging, skin peels 3.5 Sv untreated
6-10 Above symptoms, seizures Death CV/CNS
Above 10 Incapacitation Death CV/CNS

Sv = Sievert; CV = cardiovascular; CNS = central nervous system.

of an advanced early-warning satellite system are cur-
rently on orbit, monitoring solar activity and ejected
energetic particles (28,64-66). Further work is required
to more effectively detect and monitor SPEs.

It is also possible to medically prevent some symp-
toms of radiation-induced damage. Amifostine is a sulf-
hydryl-containing compound that protects tissues
against ionizing radiation damage by scavenging radi-
ation-induced free radicals (29). Several randomized
trials involving radiation exposure have shown signif-
icantly reduced damage to oral, esophageal, and rectal
mucosa, reduced bladder toxicity, and decreased inci-
dence of neutropenic fever and post-irradiation pneu-
monitis in patients receiving subcutaneous amifostine
(2,4,7,52-54). The DHS recommends amifostine to first-
line medical responders before arrival at a radiological
emergency (25). The potential advantage of this drug is
that it only needs to be administered minutes before
exposure, which makes it useful for mitigating radia-
tion damage. Further work is required to determine
whether amifostine can improve morbidity and reduce
mortality from large radiation doses (55).

Tertiary Prevention: Medical Management of an Acute
Radiation Exposure

Despite the best engineering efforts, crewmembers
aboard current space vehicles are still at risk of serious
medical complications from an acute radiation event.
Mission planners and engineers, medical scientists, and
physicians must perform trade studies to determine
which equipment and medications are absolutely nec-
essary to be taken on a long-duration mission to mini-
mize vehicle mass, power, volume restraints, and max-
imize treatment capabilities.

When examining human data regarding radiation
exposure, patients can usually be divided into two co-
horts. The first cohort is defined by patients who are ill
and are receiving therapeutic radiation for a serious
underlying medical condition. The other cohort is de-
fined by those individuals who were previously healthy
and have received an accidental industrial or military
exposure (nuclear detonation or spill), which often re-
quires radioactive decontamination. Exposure of astro-
nauts in space has aspects in common with both of
these populations, with healthy individuals being irra-
diated by a noncontaminating source.

Acute radiation syndrome (ARS) is caused by irradi-
ation of the whole body (or a significant portion of it),
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resulting in a spectrum of syndromes that have been
used for prognosticating outcomes. These syndromes
should not be considered as distinct entities, but rather
as a continuum based on the organ system affected,
which is in turn based on the radiation dose absorbed.
There are three classic syndromes as defined by the
Centers for Disease Control (CDC) (14) (Table I): bone
marrow syndrome; gastrointestinal syndrome; and car-
diovascular/central nervous system syndrome. Each
syndrome is comprised of four distinct stages: prodro-
mal period; latent period; manifest illness period; and a
period of either recovery or death. The first data about
these stages were originally derived from Japanese sur-
vivors of the atomic bomb and the people living on the
Marshall Islands exposed to radioactive fall-out in 1954,
and subsequently applied to those affected by the Cher-
nobyl nuclear accident.

Initial Assessment and Management

In the acute management of radiation injury in space
there are two critical aspects of treatment. The first is to
provide acute physiological support and the second is
to accurately determine the level of exposure so that
future complications can be anticipated. The DHS has
developed guidelines for the treatment of mass Earth-
based casualties following an acute radiation exposure
and some of these recommendations have been adapted
for a potential exposure during spaceflight (25).

One important acute management challenge is how to
prevent or reverse hypovolemia secondary to fluid loss
due to emesis and diarrhea, symptoms common to all
syndromes. If there is evidence of clinical dehydration,
intravenous fluid containing normal saline should be ad-
ministered to replace the fluid deficit (60). Oral rehydra-
tion therapy has been shown to significantly reduce mor-
tality worldwide from diarrheal diseases by allowing
fluids and other molecules through the part of the gastro-
intestinal tract (GI) tract that is functional (85). However,
with extensive emesis or GI injury secondary to radiation,
this may not be effective, at which point intravenous fluid
will be the only means of rehydrating the patient. If diar-
rhea does not resolve and is refractory to fluid replace-
ment, drug therapy should be considered. Clinical trials
have demonstrated the effectiveness of octreotide acetate
(a long-acting somatostatin analogue) over diphenoxylate
hydrochloride plus atropine sulfate and loperamide,
drugs commonly used as therapies for acute radiation-
induced diarrhea (12,34,104).
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Several studies, including multicenter, randomized
double-blind trials have examined the efficacy of anti-
emetics in the treatment of radiation-induced emesis. In
the prevention of emesis, 5-hydroxytryptamine 3-receptor
receptor antagonists were shown to be superior to pla-
cebo, prochlorperazine, and metoclopramide (31,73,74,89).
There appears to be little difference between individual
drugs of the 5-hydroxytryptamine 3-receptor class in
terms of efficacy and tolerability, although the best stud-
ied is ondansetron, and it is, therefore, recommended for
use (57). Once emesis has been suppressed sufficiently,
oral rehydration therapy can be employed. Intravenous
and intraosseous access should be considered for extreme
cases of prolonged emesis, but balanced against the ad-
verse effects of these modalities in a thrombocytopenic
and/or neutropenic patient.

Some signs of hypotension will be masked in weight-
lessness, making the determination of volume status
more difficult. Accurate recording of intake/output vol-
umes are important for an objective and quantitative
measure of volume status. Other objective findings are
BP and heart rate, with decreases and increases ex-
pected, respectively, with moderate and severe hypo-
volemia (moderate: 10-20 mmHg drop in systolic pres-
sure; severe: > 20 mmHg). Mucous membranes may be
good initial indicators of volume status, but with radi-
ation-induced mucous membrane changes, their utility
may be questionable. A depressed level of conscious-
ness will be seen in severe hypovolemia and requires
immediate volume resuscitation. On Earth, the jugular
venous pressure represents a column of blood in the
vena cava that is dependent on the pressure in the right
atrium. During spaceflight, 1-2 L of fluid shifts from the
legs to the head within the first 24 h, resulting in jugular
venous distention for all crewmembers; together with a
paradoxical decrease in central venous pressure, the
bedside determination of jugular venous pressure in
weightlessness is not currently feasible (10,91). If the
patient is hypotensive following a radiation exposure, it
will be challenging to determine whether the shock is
hypovolemic, cardiogenic, or distributive. Cardiogenic
shock can occur after a large radiation exposure and
distributive shock can occur during infection/sepsis.
Therefore, cardiac echocardiography should be consid-
ered to help determine volume status and cardiac func-
tion (6). Such volume distinctions can be challenging
even in the setting of a terrestrial critical care unit. The
use of ultrasound to determine cardiac function com-
bined with careful clinical examination and calculation
of absorbed dose will be critical in this determination
(41,61).

The number of diagnostic tests aboard the future
Mars transport vehicle is likely to be limited. One crit-
ical piece of equipment that should be included is a
microelectronic cell counter or microscope equivalent,
to provide a complete blood count (CBC) with a radia-
tion-specific differential. Lymphocyte populations de-
cline almost immediately after radiation exposure
(39,40). Lymphocyte population kinetics follow a sim-
ple exponential decay immediately after an effective
whole-body exposure and have been used to estimate
acute doses (40). A single post-exposure CBC after 8 to
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TABLE II. ESTIMATES OF DOSE VERSUS LYMPHOCYTE
COUNT 8-12 H POST-EXPOSURE

Lymphocyte count

Dose (Gy) (X 10° cells - L™}
<1 > 2.5
1-5 1.7-25
5-9 1.2-1.7
> 10 < 1.0

Gy = Gray; standard unit.

12 h can be used to determine acute exposure as docu-
mented by the DHS (Table II) (25).

These studies are not immediately applicable to ex-
posure to heavy nuclei from an SPE, since the dose vs.
lymphocyte number curves were calculated using
gamma rays and appropriate determination of the RBE
of an SPE must first be established in order to better
estimate Gray-equivalent dose (71). Since an SPE typi-
cally contains high-energy particles, the equivalent bi-
ological dose (Sv) will likely be higher than with
gamma rays. Given that baseline lymphocyte counts
will be known for the crew, a rapid CBC is a critical tool
in determining the dose and prognosticating treatment
decisions. The DHS advises that rapid clinical assess-
ment by taking careful note of the initiation of symp-
toms can also be used to estimate dose. For example,
50% of people who present with nausea and emesis will
be in the following range of absorbed dose exposure to
photons: less than 1 h post-exposure, 6.5 Gy; less than
4 h, 3.6 Gy; greater than 4 h, 0.9 Gy (25).

Bone marrow (BM) syndrome: BM syndrome is thought
to occur between doses of 0.7 and 10 Gy, although mild
symptoms can occur with as low as 0.3 Gy. These doses
are based on X-rays or gamma rays, and equivalent Gy
absorbed doses of proton radiation from an SPE are
likely to produce a greater biological effect (47,88). The
survival rate of patients with this syndrome decreases
with increasing dose. Since bone marrow is responsible
for the production of all immunological cells (T and B
lymphocytes, macrophages, neutrophils, mast cells, eo-
sinophils, and basophils) as well as red blood cells and
platelets, deficiencies in these lines result in profound
immunosuppression and susceptibility to infection by a
wide range of organisms, anemia, and an inability to
clot (25). As a consequence, the primary cause of death
in this population is due to infection and hemorrhage.
Therefore, any medications that can interfere with
platelet function, such as acetylsalicylic acid, are con-
traindicated. Within the first few minutes to a few days,
patients will likely develop nonspecific symptoms such
as mild-to-moderate nausea, emesis, diarrhea, and
edema of the mouth and throat. The patients will often
recover from the initial symptoms and a subsequent
latent phase begins, lasting from 1 to 6 wk.

Stem cell transplant: Once the biological dose has been
estimated and a CBC performed to confirm the dose,
the decision of whether to perform an autologous stem
cell transplant to restore the blood cell pools must be
made within the first few days of exposure. Autologous
stem cell transplant is recommended by the DHS after a
sufficiently large radiation exposure (25). Stem cell
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transplants in hematological malignancies occur after
bone marrow destruction by either chemical or radio-
logical means, and are typically done within a day of
bone marrow irradiation to minimize the period of
vulnerability (24,46).

Preflight mobilization of stem cells can be done after
administration of granulocyte-colony stimulating factor
(G-CSF), permitting apheresis of CD34" stem cells in
the peripheral blood. Cryopreservation allows for the
long-term storage of hematopoietic stem cells in 30—
70-ml aliquots (5% DMSO in combination with 6% hy-
droxyethylstarch) at —80°C (33,79). It has been reported
that stem cells have been used successfully 11 yr after
freezing; 97% of patients receiving stem cells with an
average storage time of 2.7 yr achieved a granulocyte
count of > 0.5 X 10° cells - L™ ! at a median of 19 d,
indicating that the cells would be stable during current
mission designs, although this period is longer than the
typical 10- to 12-d recovery (1,3). Based on the litera-
ture, at least 1 X 107 CD34" would be required for the
autologous transplant (78,82). Additionally, while fur-
ther experimentation is required, current data indicate
frozen cells are protected from the effects of radiation
and, therefore, would be expected to survive an acute
radiation effect (102). Cardiovascular or central nervous
system involvement would indicate that the dose re-
ceived was fatal, and a stem cell transplant would not
be indicated.

Optimal engraftment protocols with autologous stem
cell transplants are well known. Randomized controlled
trials have shown that using G-CSF in patients with
autologous bone marrow transplantation reduced the
neutropenic days from 27 to 12 d, febrile neutropenia
from 10 to 6 d, antibiotic requirements, number of con-
firmed infections, and duration of hospitals stays when
compared with placebo alone, demonstrating its rele-
vance to exploration-class missions (21,83,95). Admin-
istering G-CSF alone at a dose of 5 mg - kg™ ' - dt,
initiated in the first 7 d post-irradiation and terminated
the day after neutrophil counts are greater than 0.5 X
10° - L7, is the recommended engraftment protocol for
spaceflight (9,15,48,92,99,100).

Gastrointestinal (GI) syndrome: Gl syndrome will usu-
ally occur with a dose between 10 and 100 Gy, though
some symptoms may occur at as low as 6 Gy (14). Acute
injury is caused by irradiation of mitotically active in-
testinal crypt cells, impairing the normal cycle of
growth and repopulation of GI surface epithelium that
occurs every 5 to 6 d. The loss of absorptive surface
leads to malabsorptive diarrhea. Depending on the de-
gree of disruption to the mucosal barrier by injury to
the surface cells, micro-ulcerations can coalesce to form
large lesions. Intracellular tight junctions are disrupted,
permitting the passage of bacteria and microbial prod-
ucts into the plasma, potentially resulting in septic
shock.

As the absorbed radiation dose increases, patients
who already have BM syndrome begin to see involve-
ment of the GI tract. Fever, severe dehydration, almost
immediate and intractable nausea, emesis, and bloody
diarrhea, followed by a short (< 1 wk) latent period are
symptoms that help differentiate GI from BM syn-
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drome. These symptoms can be treated, as described
above, with octreotide, ondansetron, aggressive fluid
replenishment, and acetaminophen. Patients with oral
mucositis often have significant pain, requiring the use
of morphine for pain control (69). A pain control regi-
men should begin with the use of acetaminophen, fol-
lowed by the use of incremental acetaminophen/co-
deine. Following that, hypodermoclysis morphine may
be required.

With increasing time spent in a leukopenic state and
with deterioration of the GI mucosa, the likelihood of
perforation and severe infection increases dramatically.
Infection can lead to secondary peritonitis, an intra-
abdominal abscess, and/or a sepsis syndrome. Typi-
cally infection is polymicrobial and the pathogens are
endogenous. Some early symptoms include abdominal
pain, nausea, emesis, fever, and rebound tenderness.
When peritonitis becomes localized, an abscess can
form, and can present with localized tenderness. The
standard of care for intra-abdominal infection is defin-
itive surgical management, including drainage of ab-
scesses, debridement of infected or nonviable tissues,
and source management (59,97). Initial ground-based
studies in simulated hypogravity have shown promis-
ing results using both ultrasound-guided peritoneal
drainage and endoscopic surgery, indicating a possible
future role for these techniques on exploration-class
missions (11,50).

Melena/hematochezia would likely be seen in GI
syndrome as a result of GI damage and bleeding along
the length of the GI tract (14,25). GI bleeding post-
irradiation was observed in the Chernobyl accident,
and has been seen after pelvic irradiation (26,32,58).
Even with a successful autologous stem cell transplant,
there may be a period of time when the damage to the
GI tract and thrombocytopenia may combine to pro-
duce an uncontrollable GI hemorrhage. An exploration-
class spacecraft is likely going to be severely limited in
its ability to transport blood products and the only
treatment option may be fluid replacement. Endoscopic
exploration and injection with adrenaline followed by
thermal coagulation is the standard of care for identifi-
able Gl hemorrhage, and may be a technique that can be
applied to the space environment (17). Experimental
treatments, such as with basic fibroblast growth factor,
have been shown to induce GI mucosal regrowth and
improvement in mortality in animal models of radia-
tion-induced GI mortality (70). Nonetheless, if the pa-
tient survives the initial damage from the GI syndrome,
profound bone marrow suppression is still a danger.
Survival is possible with aggressive treatment, but un-
likely with this syndrome, with death usually occurring
within 2 wk (14). Perhaps an initial palliative approach
is required for patients presenting with severe Gl syn-
drome.

Electrolyte disturbances, which are likely to be
present in GI syndrome, could manifest in several
ways, including seizures, arrhythmias, and musculocu-
taneous problems secondary to changes in sodium, po-
tassium, and calcium levels (38). We currently have the
ability to measure simple ions such as sodium and
potassium on board the ISS, and it is anticipated that a
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more complete metabolic analysis will be possible for
future missions. In GI syndrome, dehydration and cell
damage result in changes in plasma volume and tem-
poral fluxes in ions such as sodium and potassium,
indicating the need for monitoring and management
(13,63). Serial electrolyte measurements will guide
treatment.

Cardiovascular (CV)/central nervous system (CNS) syn-
drome: The full syndrome will usually occur with a dose
greater than 50 Gy, though some symptoms may occur
at as low as 20 Gy (14). With this fatal syndrome, you
see the same initial prodromal symptoms as with the
BM and GI syndromes. The latent phase has a typical
duration in the range of hours and the manifest illness
stage is comprised by numerous and ultimately lethal
complications. Additional symptoms include nervous-
ness, a burning sensation of the skin, profuse watery
diarrhea, a labile BP, cerebral edema, seizures, and
coma (44). CV/CNS syndrome is rapidly fatal and is a
consequence of high doses of radiation to neurological
and muscle cells that are relatively radioresistant. Vas-
culitis, pericarditis, and meningitis can also occur dur-
ing this phase. Death within 2 to 7 d is likely due to
collapse of the circulatory system as well as increased
pressure in the cranial vault secondary to edema (25).

The dose required to achieve rapid CV or CNS in-
volvement indicates a fatal dose. Given that situation,
any curative intentions would be futile and may in fact
cause discomfort to an expectant patient (49). The pa-
tient should be made as comfortable as possible with
sedatives and adequate pain control. Palliation is the
appropriate medical therapy.

Infection Control

After an acute radiation exposure that damages the
bone marrow and GI tract, infective complications are
high. Anti-infective treatment can be initiated in a pro-
phylactic manner or during a febrile event. Both possi-
bilities will be discussed.

Anti-infective prophylaxis: The CDC, Infectious Disease
Society of America, and American Society of Blood and
Marrow Transplantation have thoroughly examined
the role of preventing opportunistic infections after
stem cell transplants using an evidence-based approach
(46). Due to the need for immunosuppression and the
potential for graft-vs.-host disease, anti-infectious (an-
tibiotic, antiviral, and antifungal) prophylaxis is re-
quired to a much greater degree in allogeneic compared
with autologous transplants. As a result only autolo-
gous transplants are recommended for exploration-
class missions.

The microbiological environment of space vehicles
has been studied on orbit. Of the 1150 samples gathered
over several years from the Mir space station to study
the microbiological flora, 82.5% had microorganisms. A
total of 108 species of bacteria and 126 species of fungi
were identified (68). Potential pathogens for neutro-
penic patients included Staphylococcal species (55.2%
surface samples; 53.2% air samples), Streptococcal sp.
(5.0% surface, 2.1 air samples), P. aeruginosa (1.4% sur-
face; 4.3% air; 20% condensate), E. coli (0.2% surface,

Aviation, Space, and Environmental Medicine » Vol. 77, No. 2 * February 2006

1.1% air), Aspergillus sp. (39.4% surface; 76.6% air) and
Candida sp.(3.8% surface; 4.0% of air) (68).

Most post-transplant guidelines do not suggest the
routine use of antibacterial prophylaxis in afebrile,
asymptomatic patients. Despite these recommenda-
tions, a study describing the prescribing practices of
American institutions indicated that 60% used bacterial
prophylaxis (fluoroquinolone) secondary to fears of
potential Gram-negative sepsis (94). However, prophy-
laxis may be indicated if profound neutropenia is
suspected and, therefore, prophylaxis would be indi-
cated during the neutropenic period with an extended
spectrum fluoroquinolone (with gram positive activity)
(45). Trimethoprim-sulfamethoxazole is recommended
for Prneumocystis carinii prophylaxis (46,96).

Prophylaxis against fungal species is also recom-
mended. Current guidelines suggest the use of flucon-
azole at a dose of 400 mg - d~' for autograft recipients
with a potential for prolonged neutropenia or neutro-
penia complicated by GI damage, and should be dis-
continued once the absolute neutrophil count exceeds
0.5 X 10° - L™! (94). Fluconazole, while an acceptable
alternative to amphotericin B in the treatment of Can-
dida infections, is not recommended for Aspergillus spe-
cies (45). Both Candida and Aspergillus have been found
in spacecraft and may pose a serious threat to crew-
members with suppressed immune systems (68,84).

In a large multicenter trial, voriconazole was com-
pared with liposomal amphotericin B, and was shown
to be a suitable alternative to amphotericin B prepara-
tions for empirical antifungal therapy in patients with
neutropenia and persistent fever with fewer side effects
(infusion-related reactions and nephrotoxicity), and has
also been shown to be a superior treatment for diag-
nosed Aspergillus infection (42,101). Given the high like-
lihood of Aspergillus infection, the use of voriconazole
would be recommended to protect against both Candida
and Aspergillus infection.

Prophylactic treatment of cytomegalovirus was not
recommended for autologous donors, even if the pa-
tient was previously infected with cytomegalovirus
(46). To date randomized control trials have not dem-
onstrated that the use of prophylactic acyclovir can
prevent herpes simplex virus reactivation; however,
acyclovir is still routinely prescribed for 30 d post-
transplant to prevent reactivation in herpes simplex
virus seropositive patients (46). To avoid the potential
of varicella-zoster virus (VZV) spread to immunosup-
pressed crewmembers, it is recommended that all non-
immune crewmembers be vaccinated for VZV before to
leaving Earth (46). Antivirals for treatment for VZV
should only be initiated with the outbreak of symptoms
(45). With the recent introduction of a VZV vaccine in
early childhood, it is possible that when crew selection
occurs for a Mars mission, there may be a choice be-
tween astronauts who have natural immunity to VZV
and those that have never been infected, although are
immunized. In this situation, with all other parameters
being equal, it may be of benefit to select crews who
have never been exposed, and, therefore, are at no risk
for reactivation.

Neutropenic fever: A febrile episode during a state of
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profound immunosuppression leaves the patient vul-
nerable to a wide range of pathogens. As a result, no
single empiric therapeutic regimen can be recom-
mended for neutropenic fever, despite the large number
of studies performed on antibiotic choices (45). The
large number of potential pathogens responsible for
neutropenic fever (Staphylococcal sp., P. aeruginosa, E.
coli, Klebsiella pneumoniae, S. pyogenes, Enterococci, As-
pergillus, and Candida being the most common) and
different antibiotic resistance patterns seen worldwide
make the use of only a single-line antibiotic therapy
impossible. Antibiotic sensitivities at the time of the
mission and in the community in which the crewmem-
bers reside are important factors in determining appro-
priate antibiotic selection criteria. Initial assessment of a
neutropenic fever of unknown origin should classify
the patient as low risk or high risk. Low-risk patients
are those that have no focus of infection, no hypo-
tension, recovering neutrophil counts, no co-morbid
conditions, and absolute neutrophil and monocyte
counts > 0.1 X 10” - L™". These patients should receive
oral ciprofloxacin plus amoxicillin-clavulanate for
broad-spectrum gram-positive, Gram-negative, and an-
aerobic coverage (45). If the patient does not meet the
requirement of low risk, there are many treatment reg-
iments that are available. The first choice is selection
between either intravenous monotherapy or combina-
tion therapy. Cefepime, piperacillin/tazobactam, and
meropenem have been shown to be equivalent in the
treatment of neutropenic fevers as monotherapy, and
the addition of either amikacin or vancomycin has not
resulted in improved efficacy of empiric treatment
(8,16,18,20,27,43,45,67,76,81). Additionally, employing
cefepime instead of piperacillin/tazobactam is appro-
priate; although they are equivalent in efficacy in the
treatment of neutropenic fever, cefepime may be more
effective at treating Gram-negative infections and pip-
eracillin/tazobactam may be better at gram-positive
infections (45). Given that currently, 60-70% of infec-
tions are due to gram-positive organisms, piperacillin/
tazobactam should be the first choice for intravenous
empiric treatment (8,45).

If the high-risk case is complicated by some other
factor (extensive bleeding, focal site of infection), two-
drug intravenous coverage is suggested, using an ami-
noglycoside (gentamicin, tobramycin, or amikacin)
with an ureidopenicillin such as piperacillin/tazobac-
tam. The advantages of two-drug combinations include
a decrease in antibiotic resistance and synergy against
some resistant Gram-negative bacilli (51,86). However,
the use of aminoglycosides during an exploration-class
mission has potential complications. For example, ami-
noglycosides may be nephrotoxic, and patients present-
ing with ARS may also have concomitant renal failure
(pre-renal secondary to hypovolemia or renal damage
from direct irradiation) (56). Additionally, for optimal
dosage to prevent renal toxicity, serum levels are usu-
ally determined—a capability that may not be present
in a space vehicle.

Infections with Gl syndrome: The risk of perforation
from GI damage is an expected complication of this
syndrome. Antibiotic coverage for Gram-negative bacilli,
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Gram-negative aerobes, gram-positive cocci, and anaer-
obes (especially E. coli and Bacteroides fragilis) are particu-
larly important aspects of medical therapy. The Surgical
Infectious Society has published guidelines on the use of
antibiotics for intra-abdominal infections (62). Based on
their recommendations, antibiotics should be maintained
until the symptoms have clinically resolved. If there is not
resolution, a source of the infection should be sought out;
if possible, the source drained or endoscopically corrected
(62). A longer course of antibiotics is indicated in patients
where a focus cannot be identified, or if identified, cannot
be definitively managed, which may be likely in space, as
short-course antibiotics are associated with higher mor-
bidity (62). Given the high-risk nature (high APACHE-II
score, Jow albumin, other concomitant illnesses) of poten-
tial radiation-induced perforation, the guidelines suggest
the use of single agents (piperacillin/tazobactam, imi-
penem/cilastatin, or meropenem) or combination therapy
(ciprofloxacin plus metronidazole, cefepime plus cipro-
floxacin or metronidazole) (62). Based on the guidelines,
the use of aminoglycosides is not recommended.

Unresponsive infections: The differential diagnosis of a
fever that continues despite antibacterial therapy in-
cludes viral infection, a slow responding or drug-resis-
tant bacterial infection, fungal infection, or drug fever.
Initial antibiotic therapy for neutropenic fever of un-
known origin usually requires a minimum 3-d trial to
determine effectiveness in neutropenic patients, which
can be extended up to 7 d for high-risk patients (45). In
a febrile neutropenic patient who is on fungal prophy-
laxis and potent multiple broad-spectrum antibiotics, it
is unlikely that a fungal infection is occurring and other
possibilities must be examined. If a patient becomes
febrile while off antifungal prophylaxis, and the febrile
episode is unresponsive to antibacterial treatment,
treatment with voriconazole is again recommended.
Invasive Aspergillus sinusitis is usually treated by sur-
gical drainage and debridement on Earth (90). How-
ever, this may not be possible and, therefore, aggressive
antibiotic management may be required. If sinus infec-
tion is suspected, ultrasound may be used to diagnose
sinusitis accurately (98). The addition of a second-line
antifungal agent such as liposomal amphotericin B may
be necessary, especially if staining techniques reveal
fungus (90).

Conclusions and Recommendations

There is considerable work being performed on the
effects of chronic radiation exposure from GCR and
transient high rate solar events during a potential mis-
sion to Mars, taking into account shielding modalities
and career exposure limits. However, there is relatively
little published work addressing the management,
prognosis, and mission impact of a dangerous acute
radiation exposure. This work is intended to stimulate
debate on the type of medications, medical equipment,
and mitigation strategies required on exploration-class
space missions to deal with an acute radiation expo-
sure. The following issues should be addressed to mit-
igate the hazards associated with acute radiation expo-
sures in space:
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1. A system using radiation monitors, dosimeters,
and/or biological markers of radiation exposure
to accurately determine the absorbed dose.

2. A consensus as to crew disposition and mission

duties after receiving an acute symptomatic or
asymptomatic radiation dose.

3. Continued research to further develop classes of

drugs that can minimize the effects of acute radi-
ation exposure, such as amifostine.

4. The capability to diagnose bone marrow suppres-

sion such as the ability to evaluate a CBC and
differential.

5. The capability to treat bone marrow suppression

such as the ability to safely store stem cells for
future engraftment.

6. The capability to identify and correct severe elec-

trolyte imbalances. This includes an ability to
measure electrolytes and pH and also produce
sterile water for injection with different concen-
trations of electrolytes (Na*, CI-, Mg*", K*,
PO, Ca?*).

7. The capability to provide appropriate anti-infec-

tious therapy. While much of the treatment will
be empiric, basic microbiological techniques
(ability to differentiate between gram positive,
negative, and fungal specimens) may be of great
benefit. At a minimum, first- and second-line
treatment for the types of infections discussed is
indicated.

8. The capability for laproscopic and endoscopic

procedures.

9. The capability to deal with biological waste. A

patient with GI syndrome, who has ongoing in-
tractable emesis, diarrhea, melena, and hema-
tochezia becomes a potential source of hazardous
biological contamination.

10. The capability to assess patient volume status.

The need to manage the fluid status of a patient
with GI syndrome is critical for survival and
current techniques may be inadequate for an ac-
curate assessment.

11. The capability to ensure the effectiveness of med-

ications over time. Some studies have shown an
altered effectiveness of drugs on the ISS (75).
Since much of the treatment regimens are medi-
cal, it is necessary to determine what effect travel
on exploration class missions will have on se-
lected medications.

12. A system to effectively triage an acute radiation

exposure. Unfortunately, a spacecraft may have
only limited resources to deal with multiple ma-
jor medical problems, and those resources must
be used effectively. The ability to make triage
decisions depends on what resources are avail-
able. For example, without the ability to correct
electrolyte abnormalities, a patient with GI syn-
drome becomes an expectant patient. Treatment
would then shift from aggressive therapy to pal-
liation.

13. The capability to deal with the mission impact of

an ARS. In a six-person crew, if two patients have
received an acute radiation dose sufficient to pro-
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duce GI syndrome, the results of that exposure
would significantly affect the ability of the crew
to execute an exploration-class mission. These
two crewmembers would likely be convalescent
for many months and require the physician to be
both a caretaker and manage their complex med-
ical problems. This effectively reduces the crew
capability by 50%. Even if these crewmembers
recover sufficiently to ambulate in Mars’ 1/3
gravity, they would be restricted from perform-
ing any act that exposes them to increased radi-
ation, as they would have significantly exceeded
their career radiation exposure limits. Flexible
mission responsibilities should be incorporated
into mission planning and training as a contin-
gency plan for crew loss.
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