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INTRODUCTION:

Analysis of historical solar particle events (SPEs) provides context for some understanding of acute radiation exposure

risk to astronauts who will travel outside of low-Earth orbit. Predicted levels of radiation exposures to exploration
crewmembers could produce some health impacts, including nausea, emesis, and fatigue, though more severe clinical
manifestations are unlikely. Using current models of anticipated physiological sequelae, we evaluated the clinical
challenges of managing radiation-related clinical concerns during exploration spaceflight.

METHODS:

A literature review was conducted to identify terrestrial management standards for radiation-induced illnesses, focusing

on prodromal symptom treatment. Terrestrial management was compared to current spaceflight medical capabilities to
identify gaps and highlight challenges involved in expanding capabilities for future exploration spaceflight.

RESULTS:

Current spaceflight medical resources, such as those found on the International Space Station, may be sufficient to manage

some aspects of radiation-induced illness, although effective treatment of all potential manifestations would require
substantial expansion of capabilities. Terrestrial adjunctive therapies or more experimental treatments are unavailable in
current spaceflight medical capabilities but may have a role in future management of acute radiation exposure.

DISCUSSION:

Expanded medical capabilities for managing radiation-induced ilinesses could be included onboard future exploration

vehicles. However, this would require substantial research, time, and funding to reach flight readiness, and vehicle
limitations may restrict such capabilities for exploration missions. The benefits of including expanded capabilities should
be weighed against the likelihood of significant radiation exposure and extensive mission design constraints.
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n future exploration spaceflight outside the protection of

the Earth’s geomagnetic field, astronauts will be exposed to

charged particle radiation from interplanetary galactic cos-
mic ray (GCR) radiation and solar particle events (SPEs).
Although background GCR radiation is a concern, SPEs repre-
sent a potential for acute radiation exposures at levels that are
orders of magnitude higher than ambient GCR.”” The ability to
predict the occurrence or magnitude of future SPEs, and the
likely doses or dose-rates received by exposed crew, are lim-
ited.®"%? The acute radiobiological effects of whole-body expo-
sures to SPEs are not well understood and are confounded by
the inhomogeneous distribution of radiation doses to sensitive
organs and difficulties in extrapolating animal model data to
humans.'*?! Additionally, it remains unclear how the human
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health response to SPEs will be affected by concurrent GCR
exposure, multiple SPE exposures over a short time period, or
the added stressors of the microgravity environment.*!

Despite these numerous unknowns, a response plan for
radiation-induced illness is necessary to protect exploration
crews. Exploration vehicles will have limited habitat volume,
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mass, power, communication and telemetry with the Earth, and
delayed or no evacuation capability after departing low-Earth
orbit (LEO).* Inclusion of dedicated medical resources to
manage radiation illness will come at the expense of other crucial
resources.”'” A balance is needed to ensure that likely medical
conditions can be managed without putting the crew at risk of
mission failure due to traded exclusions of other mission-critical
resources.'>*

During SPEs, the sun ejects large quantities of charged nuclei
consisting of mostly protons (96%) and other constituents
including helium (4%) and heavier ions (< 1%).%%*!?2 Between
1973-2001, 479 SPEs were measured in LEO.®” While only a
very small number of these had operational impact, more
extreme historical SPEs have been used to predict potential
occurrence and associated radiation exposure of future
SPEs.*”"%% Predictive modeling of radiation exposure based
upon these historical SPEs has been previously published, pro-
viding a basis for understanding potential radiation-induced
sequelae during exploration spaceflight.>'®* Although indi-
vidual variation in symptoms manifest after radiation exposure,
acute deterministic effects of irradiation are generally directly
related to dose and dose-rate.*>*’

The “areal density” of a spacecraft describes the mass per
unit area (g - cm ™2, typically given in aluminum-equivalent
values) that a charged particle would encounter during tra-
versal of the vehicle structure. SPE doses to crewmembers
have been modeled using data from a 1972 SPE and an empty
reference vehicle with areal density of 5 g - cm™? of alumi-
num-equivalent shielding (for reference, Apollo-era space-
craft had an average crew module unpacked hull density of
6.15 g - cm ™2 aluminum-equivalent*>!?). A second scenario
has been modeled for astronaut exposure during a 3-h extra-
vehicular activity (EVA, 0.3 g- cm ™2 aluminum-equivalent) at
the peak of radiation flux.”® Further modeling of an event
twice as intense as the 1972 SPE and of sequential large SPE
exposures have provided additional estimates of potential
crew radiation exposure during extreme theoretical events.”
These modeled values have been referenced in numerous arti-
cles and NASA technical reports to provide context for poten-
tial crew radiation concerns,'®6162

These models predict that, in a minimally shielded vehi-
cle (5 g-cm™?), large SPEs could deliver intravehicular doses of
= 0.5 Gy-Eq to internal organs and = 2.5 Gy to skin, with a
peak dose-rate of approximately 0.12 Gy-Eq - h™! to blood-
forming organs (BFO).!3°%¢! These values approach NASAs 1-yr
spaceflight radiation permissible exposure limits (3.0 Gy-Eq to
skin and 0.5 Gy-Eq to BFO, see Table I).”***°! Models of acute
exposure suggest that radiation-related prodromal symptoms
(nausea, vomiting, anorexia, fatigue*) could occur, but significant
clinical manifestations of the hematopoietic,” cutaneous,*®!18
gastrointestinal,'®”¢ or cerebrovascular'® subsyndromes are
unlikely.'®>

Models of radiation exposure provide a probabilistic dose
calculation that can be used for further discussion of medical
implications.'® A summary of likely biological effects related to
modeled dose exposures and associated prodromal symptoms,
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Table I. Dose Limits (30-d, 1-yr, and Career) for NASA Astronauts.

30-dLIMIT  1-yrLIMIT CAREER LIMIT
ORGAN (mGy-Eq) (mGy-Eq) (mGy-Eq)
Lens 1000 2000 4000
Skin 1500 3000 6000
Blood-Forming Organ 250 500 _
Heart 250 500 1000
Central Nervous System 500 1000 1500

Table adapted from Cucinotta 20102

infection and bleeding secondary to hematopoietic sequelae,
and overall risk of death is shown in Table II.

Numerous factors limit our ability to predict clinical
responses resulting from these modeled exposures. By their
very nature, SPEs are unpredictable—historical events may be
representative of future extreme SPEs or may bear little similar-
ity to future events.”! SPEs are composed of protons with highly
variable energies and may cause a range of biological sequelae
as nonhomogeneous energy distributions can result in variable
doses throughout the body and a spectrum of toxicity to differ-
ent organ systems.'” Given the limited understanding of the
relationship between SPE exposure, dose deposition, radiobio-
logical consequences, and synergistic interactions of radiation-
induced organ system injuries, limitations occur when using
historical events as a model for future SPEs that may occur dur-
ing spaceflight."™*" Sequential SPEs could cause greater radia-
tion doses and more deleterious biological sequelae than a
single SPE; however, present models provide only limited inter-
pretations of such sequential dose effects. Furthermore, future
vehicles or EVA suits may offer different levels of protection
than those considered by current models. Active monitoring
and real-time analysis of radiation flux during missions already
guide operational actions; future vehicles and missions are
likely to continue the use of active dosimetry and analysis. In
the event that active dosimetry indicated that radiation expo-
sure had become a concern, EVAs would be terminated, return-
ing astronauts to a more shielded vehicle environment in a
matter of minutes. Exploration mission planners intend to
include a vehicle shielding capability for crewmember protec-
tion during SPE exposure,'®**!% though final shielding design
parameters have not been established. Enhanced shielding or
advanced propulsion systems that minimize mission transit
time may reduce the risk of SPEs during long-duration space-
flight.*> NASA’s Online Tool for Assessment of Radiation in
Space (OLTARIS) provides further context for more heavily
shielded vehicles.'® Predicted skin and BFO doses for the EVA
condition (0.3 g - cm™?) and the 5 g - cm™? reference vehicle
discussed above compared to skin and BFO doses modeled by
OLTARIS for vehicles with 10-20 g - cm™? shielding are pro-
vided in Fig. 1.

While increasing shielding would greatly reduce astronaut
radiation exposure from SPEs, these design considerations are
discussed in other venues and are not specifically addressed
here.'®**" Instead, because future shielding design is uncer-
tain,'” we sought to understand the operational and clinical
implications of acute radiation events during spaceflight in
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Table Il. Medical Sequelae That Are Predicted to Result from an Event Similar to the 1972 SPE and SPE Roughly Double the Anticipated Dose of the 1972

Event.'80
TWO SEQUENTIAL
RADIATION EXPOSURE SIMILARTO 1972SPE  DOUBLE-INTENSITY OF 1972 SPE EXPOSURE 1972-LEVEL SPEs
5g-cm 2 0.3g-cm 2 5g-cm 2 0.3g-cm 2 GENERALIZED
SHIELDING ALUMINUM ALUMINUM ALUMINUM ALUMINUM PREDICTIONS

2% incidence (Cl:
0-35%) risk of nausea,
no vomiting, lasting

Moderate nausea, ‘near
threshold” of vomiting*

Nausea; Vomiting

|-2d
Weakness; Fatigue 17% incidence (Cl: Moderate symptoms for
3-34%), mild [-4 d, some symptoms

symptoms by [0 d, lasting > 40 d*

persisting > 40 d

Infection; Bleeding Negligible Low risk* of fever and
headache at 25 d, lasts
12d

Lethality Risk Negligible <0.1%

Nadir 0.78 (16 h),
>1moat<0.85

Performance Decrements
(RIPD)

37% incidence (Cl:
12-69%), moderate
nausea, a few episodes
of vomiting

53% incidence (Cl:
31-74%), moderate
symptoms, lasting >
40d

Low risk* of fever and
headache at 25 d, risk
persists for 12.d

Negligible

71% incidence (Cl:
47-88%), severe nausea,
a few episodes of
vomiting

71% incidence (Cl:
51-86%), severe
symptoms,
lasting >40d

Moderate risk* of fever
and headache at 25 d,
risk persists for 12 d or
more

3-5%

Higher incidence* and
severity than risk for
double-intensity SPE

Comparable incidence
and severity risk to
double-intensity SPE

Moderate risk* of fever
and headache at 25
d, risk persists for 12 d
or more

Nadir at 0.65 (16 h), 38 h

<0.75>1Tmoat<
0.85

Health effects were modeled for 41.6 d (1000 h) after exposure. Anticipated health effects are provided for crewmembers in minimal vehicle shielding (5 g - cm™2 aluminum) and for
astronauts exposed during a 3-h extravehicular activity (0.3 g - cm ™2 aluminum) at the peak of radiation flux. Predicted health effects are as described by Carnell et al.'® and Hu et al.*°

SPE: Solar particle event; RIPD: Radiation-Induced Performance Decrement.
* Percent likelihood and confidence intervals were not provided for certain scenarios.

Performance decrements are presented on the Radiation-Induced Performance Decrement ratio scale as defined by Anno et al,* where a score of < 0.75 is considered operationally

impactful.

the worst-case scenario of minimal shielding. Using modeled
radiation exposures and anticipated clinical sequelae as con-
text, we have evaluated potential adverse radiation events and
medical sequelae. For the purposes of this assessment, we

Shielding Impact on Relative Dose Received during Solar Particle Event
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Fig. 1. Shielding impact on relative dose received during a solar particle event. Modeled doses predicted for skin and
blood forming organs (BFO) exposed to a solar particle event similar to the 1972 event. Shielding parameters include
minimal 0.3 g - cm ™2 (similar to the minimal protection offered by a space suit during extravehicular activity) and
5g-cm™?, as published in Hu et al,'®° and more heavily shielded conditions of 10 and 20 g -cm™?, as calculated by

NASA's Online Tool for Assessment of Radiation in Space (OLTARIS).'%
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assumed 5 g - cm ™2 of shielding to provide an understanding
of the worst-case exposure scenario for medical system scop-
ing. Any improvement in shielding may allow a decrease in
onboard medical resources. We considered the benefits of
various medical resources and
current terrestrial capabilities and
identified those with a solid evi-
dence base for terrestrial treat-
ment of radiation-induced clinical
sequelae in the context of western
medical gold standards. We also
considered resources that, with
additional research, design, and
funding, could expand or improve
the current LEO clinical medical
capability to manage radiation ill-
ness during exploration space-
flight. We focused particularly on
treatment modalities, including
pharmaceuticals for prevention
and management as well as more
invasive therapeutic options used
in terrestrial medicine. We exam-
ined published data from probabi-
listic modeling of large SPEs of the
last century to evaluate the relative
benefit of inclusion or exclusion of
these capabilities within the con-
text of expected medical sequelae
of a radiation exposure in deep
space.

0.08
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METHODS

A systematic review was conducted of literature published in
English regarding clinical interventions used after radiation
exposure in human subjects for control of prodromal, infec-
tious, bleeding, hematopoietic, fatigue, weakness, and quality-
of-life sequelae of radiation exposure. Databases included
PubMed, Web of Science, Scopus, Google Scholar, and NASA
and military archives. Search terms used included radiation,
prodromal, nausea, vomiting, emesis, diarrhea, fatigue, weak-
ness, infection, bleeding, dehydration, hematopoietic, throm-
bocytopenia, anemia, neutropenia, and numerous terms related
to all therapeutic modalities discussed below.

All titles and abstracts obtained from search criteria were
reviewed. Studies published in a language other than English
without available translation were discarded. Articles regarding
radiation exposure that had no correlation with potential radia-
tion exposure to humans during exploration spaceflight were
discarded. Studies that addressed current, gold-standard, U.S.
Food and Drug (FDA)-approved, off-label, experimental, or
potential medical interventions or treatments for acute or chronic
radiation exposure in humans were reviewed in entirety. The ref-
erences of these manuscripts were also searched to identify addi-
tional applicable studies. Both human and animal studies were
considered for inclusion, although only animal studies address-
ing treatment modalities currently used for clinical management
of humans were ultimately included in the discussion below. Of
note, given the relative paucity of data addressing symptoms spe-
cific to only radiation-related symptoms, articles addressing clin-
ical sequelae of chemotherapy, or of combination treatments
involving chemotherapy and radiation that have been used to
predict or guide clinical management of similar radiation-related
symptoms were also included. Studies that addressed radiation
effects that were not applicable to the space environment were
excluded. Studies that addressed experimental or bench research,
or research in animal models alone without clinical correlates to
human administration were also excluded. The remaining stud-
ies and reports were included in the analysis.

Treatment capabilities were examined within the context of
published models and estimated radiation exposures that would
have been experienced by crew under minimal vehicular (5 g -
cm~ 2 aluminum) or EVA (0.3 g- cm~ 2 aluminum) shielding dur-
ing the 1972 SPE.” Further consideration was given to an SPE
with anticipated radiation exposure twice that of the 1972 event
(a “double-intense” event) and, where possible, to cumulative
effects of sequential SPE exposures, though extrapolation of
sequelae was limited by model constraints.”>*' We considered
the relative benefits and risks of including or excluding various
medical treatment modalities for a spaceflight mission outside of
LEO and without the possibility of rapid evacuation to Earth.

RESULTS
Predicted Clinical Sequelae

Modeled predictions of clinical sequelae are presented in Table
IT and will be referenced throughout for clinical context; this
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table and the source references should be carefully reviewed for
better understanding of the results as we have presented
them.'®*" In brief, crew exposure to an SPE similar to the 1972
event would likely induce prodromal symptoms, including
short-term nausea, rare vomiting, and anorexia, with a limited
potential for dehydration, electrolyte imbalance, and nutri-
tional impacts; these symptoms would be self-limited, lasting a
matter of days at most. Associated fatigue, weakness, and oper-
ational impact and poor performance would be more persistent,
lasting for > 1 mo after the SPE. The U.S. military developed a
Radiation-Induced Performance Decrement (RIPD) model to
identify relative detriment to performance after radiation
exposure, expressed on a relative scale of 0-1, where 1 indicates
normal operational performance and any value under 0.75
indicates significant functional impairment (tasks would take
1/0.75 = 1.33 times as long as expected to complete).>*!!7
Based on 1972 SPE modeling, SPE impact to minimally shielded
crew would cause an anticipated performance impact with a
nadir of 0.78 and an average value of 0.82 persisting for > 1
mo.>*%! Given the prolonged decrement to operational perfor-
mance, even this level of functional impairment may lead to
detrimental effects to mission timeline, critical goals and per-
formance outputs, and overall mission success.*>* If astro-
nauts performing EVA were exposed to an SPE similar in
intensity to the 1972 event (and did not seek shelter or termi-
nate the EVA), irradiation could lead to even greater opera-
tional impact, estimated at < 0.75 for 1-2 d and just over 0.75
for > 1 mo.***®! A double-intense SPE, or two sequential SPEs
at levels equivalent to those of the 1972 event, would cause
much greater fatigue and weakness, with resultant operational
nadirs well below the RIPD threshold of 0.75.4>

SPEs larger than the 1972 event and sequential SPE expo-
sures would be associated with an increase in the incidence of
vomiting, the severity and duration of fatigue and weakness,
and the risk of fever (likely inflammatory, not infectious), but
would only minimally increase the risk of hematopoietic sup-
pression and infection, bleeding, or death compared to risks
from SPE similar to the 1972 event.”® Thus, control of prodro-
mal symptoms of nausea and vomiting and operational impact
from fatigue and weakness are likely the highest yield compo-
nents of a radiation response capability.

Terrestrial Gold Standards

Terrestrial medical capabilities for the management of the
potential radiation-induced clinical sequelae as described
above are discussed in the subsequent sections. Pharmacother-
apeutic options are further summarized in Table III.

Emesis control. Terrestrial research and clinical experience have
demonstrated that 5-hydroxytryptamine (5HT3) antagonists
are more effective than classic antiemetics, including metoclo-
pramide and phenothiazines, and far more effective than pla-
cebo in controlling postradiation emesis.***"* Different 5SHT3
antagonists have similar efficacy and side effects, including
headache, constipation, diarrhea, and weakness,*"*>'% which
are generally well-tolerated.”>?”!°! Before or after radiation
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Table lll. Terrestrial Pharmacotherapy Options Considered for Acute Radiation-Induced Clinical Sequelae.

MEDICATION CLASS ROUTE RADIATION EXPOSURE-RELATED INDICATION PHARMACOGENETIC PATHWAY
Ondansetron 5HT3-antagonist PO, ODT, IV Antiemetic CYP2D6
Granisetron 5HT3-antagonist PO, IV, TD Antiemetic CYP3A
Dexamethasone Steroid POV Adjunct to 5HT3-antagonist

Aprepitant Neurokinin PO, IV Antiemetic, adjunct to 5HT3-antagonist CYP3A4*
Ibuprofen NSAID PO Anti-inflammatory

Amifostine Organothiophosphate \% Radioprotective

PrC210 Aminothiol PO** Radioprotective

Filgrastim G-CSF SQ Colony stimulating

Pegfilgrastim G-CSF SQ Colony stimulating

Sargramostim GM-CSF SQ WV Colony stimulating

The medications included are described in the context of therapeutic indications for treatment of terrestrial radiation-related illnesses only.
5HT3: 5-hydroxytryptamine; PO: oral; ODT: oral dissolving tablet; IV: intravenous; TD: transdermal; NSAID: non-steroidal anti-inflammatory drug; SQ: subcutaneous; G-CSF: granulocyte

colony-stimulating factor; GM-CSF: granulocyte-macrophage colony-stimulating factor.

*While aprepitant does inhibit the CYP3A4 pathway, it does not appear to alter the specific metabolism of granisetron via the CYP3A pathway. **PrC210 is an experimental medication

that has been given orally to rodents.

exposure, 5HT3-antagonists can be administered and rescue
doses can be given after onset of emesis, demonstrating similar
control despite wide variation in treatment timing.**”'?* The
most commonly used 5SHT3 antagonist, ondansetron, is avail-
able as a tablet, an oral-dissolving tablet, and in an injectable
form; granisetron is available as a transdermal patch,””'% pro-
viding an alternative to oral administration without the need
for intravenous access.

Recent research has demonstrated a pharmacogenetic com-
ponent in the response to different 5SHT3 antagonists. As these
medications are metabolized by the cytochrome-P450 enzymes,
genetic variation in enzyme metabolism can affect individual
response to each medication."'>** For example, ondansetron is
metabolized by the CYP2D6 enzyme; ultra-rapid metabolizers
of the CYP2D6 pathway have a higher frequency of vomiting
within 24 h of radiotherapy when treated by ondansetron com-
pared to those who metabolize at a slower rate.'*!% In contrast,
granisetron is metabolized by CYP3A and is more effective
than ondansetron for rapid metabolizers of the CYP2D6 path-
way.!>#55 This suggests that therapies could be tailored based
on genetic predispositions and that medications selected for an
exploration mission could potentially be adjusted for individual
crewmembers.*®11

Some studies show improved performance of ondansetron
with adjunctive administration of oral dexamethasone.*"*%
However, while steroid administration may improve control of
emesis, data has not shown significant improvement of fatigue,
weakness, or other sequelae, including operational perfor-
mance, after irradiation.*"**%° A recent study found that short
courses of steroids may increase risks for subsequent infection
and sepsis;'?* given that postradiation risk of infection could be
a concern, liberal application of steroids to a treatment regimen
may be contraindicated.

The neurokinin-receptor antagonist aprepitant has recently
been shown to improve control of vomiting when used as an
adjunct to 5HT3 antagonist therapy.'”?>*” Case reports have
also discussed improved outcomes when aprepitant was given
prophylactically, before onset of emesis.” Side effects of aprepi-
tant therapy are generally mild and well-tolerated and include
fatigue/asthenia (9-26%) and constipation (8-22%).!74780
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Aprepitant inhibits CYP3A4 metabolism; however, it does not
appear to alter the specific metabolism of granisetron via the
CYP3A pathway.!>* This suggests that aprepitant may be a use-
tul adjunct to 5SHT3 antagonist therapy regardless of individual
or genetic-mediated preference for specific 5SHT3 antagonists.

If antiemetic therapy fails, parenteral repletion of fluids and
electrolytes may be necessary.*>!®> Often this includes steady
fluid administration by intravenous line as well as administra-
tion of oral or parenteral potassium, magnesium, and other
electrolytes as needed.

Fever, infection, and hematopoietic sequelae. While unlikely,
infectious sequelae of hematopoietic degradation after expected
radiation dose exposures may pose a risk to more sensitive
crewmembers,”>''? even if radiation levels are low enough that
BFO effects are self-limited. Even transient immunosuppres-
sion could lead to acute infection, with likely pathogens specific
to the spaceflight environment.?**” Modeled data demonstrate
arisk of fever and headache following large SPE, though symp-
toms may be secondary to inflammatory response rather than
infection.®® Models do not specifically indicate a risk of infec-
tion, though risk is likely to be very low in a 1972-level SPE and
slightly higher for a double-exposure event, particularly for
EVA exposures.”

Terrestrial management of acute infection following radia-
tion exposure initially includes broad-spectrum coverage for
bacterial and fungal infections, often with prophylactic use of
fluoroquinolones and antifungal agents and subsequent nar-
rowing of antimicrobial choice following identification and cul-
ture of organisms.”>”**® However, such therapies are generally
initiated only after evidence of infection and neutropenia; in
the absence of such, antimicrobial therapy is often withheld in
favor of close monitoring and supportive care.

Recent terrestrial therapies have included the addition of
radioprotective medications to minimize radiation-related
DNA mutation and cell apoptosis, and for scavenging of
free radicals. For example, nonsteroidal anti-inflammatory
medications (NSAIDs), including ibuprofen and various cyclo-
oxygenase-2 inhibitors, have been shown to enhance radiation
sensitivity in cancerous cells while concurrently protecting
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normal cells from radiation-induced damage.**”%’?> NSAIDs
are also useful as adjunctive therapies to manage other postra-
diation sequelae, including malaise and fever.

Another well-studied and FDA-approved radioprotective
medication available for clinical therapy is amifostine, which is
effective in prevention of xerostomia, mucositis, and other skin
or soft tissue sequelae after radiation.**®” Use of amifostine in
early radiation treatment regimens is associated with reduced
incidence of esophagitis, pneumonitis, and lower gastrointesti-
nal mucositis.*”%® However, amifostine is associated with sig-
nificant side effects and limited efficacy. Dose-related adverse
events, seen with administration of amifostine in > 30% of
patients, can include hypotension, nausea and vomiting, som-
nolence, and severe hypersensitivity reactions, including ana-
phylaxis.'®®” Amifostine does not cross the blood-brain barrier
and, as a result, does not provide any radioprotection to the
central nervous system.*”#>!26 Modified aminothiols such as
PrC210 are similarly effective in conferring radioprotection
without the extreme side effects;”>'"> however, these com-
pounds are still in the very early experimental stages and it is
not likely that there will be sufficient data on long-term safety
and efficacy before exploration missions begin.

Finally, terrestrial management of hematopoietic insults
after radiation exposure include therapies aimed at replacement,
regeneration, or transplantation of affected hematopoietic cell
lines or precursor stem cells. Administration of granulocyte
colony-stimulating factors (G-CSFs) can enhance hematopoie-
sis and survival after large radiation doses.**”” The most com-
monly administered G-CSFs are filgrastim and pegfilgrastim,
both FDA-approved for use in narrowly defined cases of severe
neutropenia after chemotherapy or hematopoietic acute radia-
tion syndrome.®>!!! Filgrastim is typically injected daily until
neutrophil recovery; pegfilgrastim is usually a one-time injec-
tion following chemotherapy.*>!!! An automated subcutaneous
delivery system has recently been approved for delivery of
either filgrastim or pegfilgrastim as an alternative to repeated
injection.'® The granulocyte-macrophage CSF (GM-CSF) sar-
gramostim is approved for use after chemotherapy-induced
neutropenia and may prove similarly beneficial after radiation
exposure.'®!12128 Saroramostim is uniquely available in a
lyophilized form, which reduces the mass required for storage
and improves stability for long-duration flight.'® However, CSFs
are generally used after much higher whole-body radiation
exposures than those expected from a 1972-like event, limiting
the applicability of results to anticipated spaceflight expo-
sures.!!! For example, CSFs were administered after a radio-
logical accident in Turkey in 1998, but only victims exposed to
> 2 Gy to internal organs were treated with CSFs.”>!!!

In the case of severe postradiation bleeding, blood product
transfusion is occasionally indicated,*®”*!3* though this treat-
ment modality is unlikely to be indicated for 1972-level expo-
sures or even exposures twice the magnitude of the 1972
event.”® Other terrestrial treatment options include stem cell
transplantation to minimize radiation-induced immunocom-
promise. However, doses in the ranges predicted (BFO
exposures of < 0.5 Gy-Eq) are unlikely to produce severe
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hematopoietic sequelae that meet criteria for stem cell trans-
plantation, and most individuals who develop hematopoietic
symptoms after modeled SPE exposures would recover without
such extreme measures. More recent animal research has sug-
gested that space radiation-induced coagulopathies may induce
hemorrhagic sequelae within the range of anticipated doses
from the largest predicted SPEs;>®**!%* however, there are few
terrestrial clinical correlates for this risk.

Current Spaceflight Medical Capabilities

Emesis control. The medical capabilities onboard the Interna-
tional Space Station (ISS) currently include 30 doses of ondan-
setron 4-mg tablets.'!> Dexamethasone is currently available
onboard the ISS and could be used as an adjunct to 5SHT3
antagonist therapy if desired. The ISS formulary does not
include aprepitant. Continuous intravenous fluid administra-
tion is possible with ISS-level medical capabilities, though
limited onboard fluids would be exhausted if all crewmem-
bers required prolonged hydration. Technologies have been
developed to generate sterile crystalloid fluids during space-
flight; for example, the Intravenous Fluid Generation experiment
successfully generated sterile saline solution from potable ISS
water stores.*! However, the ISS formulary does not include
electrolyte repletion capabilities, by oral or parenteral
routes.'!

Fever, infection, and hematopoietic sequelae. Infection remains
a concern in the spaceflight environment, particularly as micro-
gravity conditions are known to be associated with immuno-
suppression and increased risk of clinical sequelae.””**'?! Based
on historical spaceflight microbiological evidence, the most
likely infectious pathogens include Staphylococcal and Strepto-
coccal species, Pseudomonas aeruginosa, Escherichia coli, and
fungal infections, including Aspergillus and Candida.*”** Pseu-
domonas aeruginosa has previously caused crew health prob-
lems during spaceflight even in the absence of radiation-induced
immunocompromise; for example, this bacteria was isolated
from an astronaut who developed a urinary tract infection dur-
ing the Apollo 13 mission.'"?"'?! In an article addressing radia-
tion-induced infection during spaceflight, Epelman and
Hamilton*” recommended that an exploration mission phar-
macy include fluoroquinolones (with gram positive activity),
trimethoprim-sulfamethoxazole, piperacillin/tazobactam, flu-
conazole, voriconazole, and potentially amphotericin B to
effectively cover the most common spaceflight-related patho-
gens after radiation-induced immunocompromise.”*>1%7
Currently, antibiotics available in the ISS formulary include
levofloxacin, trimethoprim-sulfamethoxazole, and flucon-
azole;'® the remaining medications recommended above are
not available. Although infectious risk is assumed to be low,* a
crewmember experiencing true febrile neutropenia or other
indications of infection would require broad-spectrum antimi-
crobial therapy, including coverage of Pseudomonas, for 2-4 wk.
Treatment of just one crewmember would severely deplete cur-
rent limited onboard doses. Treatment of all crewmembers
would not be possible with current ISS supplies, which are
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generally limited to < 100 doses per antibiotic and fewer doses
of antifungal agents.

Radioprotective medications like amifostine are not included
in current spaceflight medical capabilities, nor are any of the
CSFs. There is currently no capability for blood product trans-
fusion aboard the ISS.

DISCUSSION

Data extrapolated from SPEs in the last century suggest that
radiation-induced illness from similar future exposures would
likely be limited to prodromal and minimal hematopoietic
insult, with the possibility of coagulopathic sequelae. If current
LEO medical capabilities such as antiemetics are maintained
for exploration spaceflight, this may be sufficient to address the
needs of a limited radiation impact with some expansion of
onboard pharmaceutical volume. Based on the literature
reviewed, the most practical needs for an exploration medical
capability and the needs most easily achieved include the
expansion of onboard antiemetic options. Current ISS stock of
antiemetics (30 doses of ondansetron) would be insufficient to
manage prodromal symptoms following a significant radiation
event involving multiple crewmembers, particularly as most
clinical guidelines for control of postradiation emesis recom-
mend administration of = 8 mg/dose of ondansetron, often
given every 6-8 h for days after radiation exposure.***!%°
Modeled outcomes suggest that antiemetics would be needed
only for the first 1-2 d after an SPE.*® However, crewmembers
with CYP2D6 genetic polymorphisms may be undertreated with
ondansetron therapy alone.”**®!% Increased supplies of 5SHT3
antagonists and the addition of 5HT3 antagonists other than
ondansetron, particularly if tailored to individual genetic predis-
position, could improve management of prodromal symptoms.
Continuous intravenous fluid hydration has not been per-
formed during spaceflight and would need to be demonstrated
prior to reliance upon this technique. Expanding onboard
intravenous rehydration capability or improving fluid genera-
tion technologies and including electrolyte repletion capabilities
might improve management of emesis, dehydration, or electro-
lyte disturbances that might accompany prodromal symptoms.
Given the utility of including fluid rehydration, antiemetics,
and adjunctive therapies for treating other medical scenarios
aside from radiation risk, expansion of such resources would
provide a benefit for an exploration medical capability. Addition
of aprepitant might offer further options for control of postra-
diation emesis and associated sequelae, although much work
would be needed to prepare appropriate packaging, identify
potential spaceflight-induced detriments to the medication, and
ensure stability of the drug before it is approved for flight.>!3%132
Similarly, although risk of radiation-induced neutropenia
and subsequent infection is low, current onboard antibiotic and
antifungal capabilities are insufficient to manage radiation-
induced infection in a neutropenic crewmember. Current
radiobiological models do not address factors related to immu-
nosuppression in the spaceflight environment or how such
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factors may alter risk prediction of infection;”""®12! it is possi-

ble that the estimates of infection discussed above are not con-
servative enough for the space environment. Broad-spectrum
coverage of bacterial and fungal threats and increased volume
of antimicrobials, with selection of medications based on
known pathogens in the spaceflight environment, might be
beneficial in the case of immunosuppression. Furthermore,
expanded antibiotic capabilities could be helpful in a wide
range of medical scenarios in addition to radiation events.
However, expanding antimicrobial capabilities would require
dedicated mass/volume as well as extensive pharmaceutical
research regarding drug stability, appropriate packaging, and
space environment effects on flown drugs.”!**!3! Moreover,
many of the medications used for broad-spectrum coverage are
associated with multiple drug interactions and side effects; in
some cases, adverse medication sequelae can be severe. For
example, amphotericin B has been associated with severe
electrolyte disturbances, hepatotoxicity, and multiorgan fail-
ure,”®12>135 none of which would be easily managed during
exploration spaceflight. Another example would be the concur-
rent administration of 5H3T antagonists and levofloxacin,
known to prolong the cardiac QT interval and potentially
increase the risk of developing Torsades de Pointes, ventricular
fibrillation, and sudden cardiac death.®*

Radioprotective medications like amifostine are not included
in current spaceflight medical capabilities. However, given the
extensive and severe side effect profile, administration of this
medication poses a significant risk to crew. As significant
ground research would be required for amifostine to reach
flight readiness, and given known drug-related safety concerns,
inclusion of amifostine or other, less developed radioprotective
pharmacotherapy in early exploration capabilities is unlikely.

CSFs have been considered for inclusion in an onboard
medical capability. In particular, the lyophilized GM-CSF sar-
gramostim may prove ideal for inclusion in an exploration-
class medical capability given the relatively low mass/volume
requirements for lyophilized medications. Filgrastim and peg-
filgrastim may similarly be useful additions to the onboard for-
mulary if effective packaging can be developed in time to ensure
shelf life and stability for the nonlyophilized forms of the CSFs.
However, research into stability and utility of CSFs for long-
duration spaceflight remains in early stages, and dedicated time
and funding would be needed to prepare such medications for
inclusion in onboard medical capabilities.'*” It is unlikely that
G-CSFs would be indicated by classic terrestrial treatment stan-
dards (> 2 Gy) at the SPE doses identified by historical prece-
dents.”® Even so, CSFs may theoretically be beneficial in
counteracting even mild sequelae in crewmembers experiencing
hematopoietic depression after any dose of radiation, even if
SPE doses are below the classic terrestrial treatment threshold.'®

There is currently no capability for blood product transfu-
sion aboard the ISS; research is ongoing regarding whether this
capability should be included for exploration-class missions as
a response to a variety of potential medical events.'"®®* Indica-
tions for transfusion secondary to hematopoietic suppression
are unlikely according to predicted radiation doses,” though
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bleeding secondary to coagulopathy may be a more significant
risk.”®*® Storage limitations and viability of blood products
pose the greatest limitation to such capabilities at this time.
Epelman and Hamilton®” discussed the feasibility of stem cell
cryopreservation for transplantation during spaceflight, as
literature has reported successful transplantation years after
cryopreservation of autologous donation.*!' However, cryo-
preservation and storage of autologous stem cells for postradia-
tion transplantation would require significant technological
development and mass/volume requirements. Crewmembers
would need to be trained in transplantation techniques, includ-
ing preparation of cryopreserved samples, invasive procedures,
and careful monitoring of response after transplantation. There
is also risk associated with autologous donation harvesting,?*
which would be necessary in the preflight time period, and
there is high potential for adverse events following even suc-
cessful transplantation.'®’*?* The likelihood that an astronaut
exposed to even an extreme radiation event under minimal
shielding would experience severe hematopoietic suppression
requiring stem cell transplantation is low.”® Given the risks of
stem cell transplantation and the immaturity of technology
required for implementation during a spaceflight mission, it is
unlikely that these capabilities will be realized for an explora-
tion mission. Additionally, crewmembers who would require
such extreme measures for severe hematopoietic depression
would likely experience other critical sequelae of the radiation
event, including more severe bleeding events or infection; heroic
measures are impractical for many reasons and are unlikely to
be successful in such circumstances.

Still, development of these modalities is worth following as
clinical applications mature through terrestrial markets. For
example, the ability to transfuse blood products may be useful
in a variety of medical conditions during long-duration space-
flight; development of this capability may have utility for other
reasons, but the likelihood that an astronaut would need a
blood product transfusion after radiation-induced sequelae is
low and such extreme events would most likely lead to poor
clinical outcome regardless. The remaining therapeutic options,
including radioprotective drugs like amifostine and the devel-
opment of in-flight cryopreservation and stem cell transplanta-
tion capabilities, are extreme. Time, funding, research, training,
and storage requirements are cost-prohibitive for inclusion on
an exploration vehicle, particularly given near future design
freezes for early exploration vehicles and the time required to
approve a new drug for clinical use.%® Risks of experimental
treatments may be seen as unreasonable given the possibility of
adverse reactions. Again, the likelihood that a crewmember will
survive a radiation impact and require such therapies, but not
otherwise exceed the medical capabilities of the mission medi-
cal architecture, is exceedingly low.

Regardless of medical capability, we should not minimize
the potential impact of even a relatively low-level SPE on crew
performance. The RIPD is a tool used to predict how highly
trained military personnel will perform familiar tasks. As
described above, large SPEs and poorly shielded conditions
could impart performance decrements near the RIPD threshold
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for operational impact. Comparing operational performance
during spaceflight to performance during military operations
may be erroneous; while military operations can certainly be
performance-critical, spaceflight-related operations are regu-
larly mission-critical, single-fault tolerant events, and even
small impacts to performance could result in significant mis-
sion impact. In addition, long-duration astronauts may experi-
ence some degree of cognitive impairment from the spaceflight
itself.196116:127 T ong_duration flight will be accompanied by
stressors, including extreme isolation and communication delays,
all of which are likely to increase stress and potentially degrade
performance. Thus, the anticipated operational impact suggested
by the RIPD model may underestimate the true effects on crew-
members. Unfortunately, there are no gold-standard therapies
for managing operational detriments associated with radiation
exposure. Management of nausea, vomiting, and dehydration
may improve systemic symptoms, but the only means of mitigat-
ing performance decrements in spaceflight is through engineer-
ing methods, such as automation, that minimize human inputs.
We have chosen to accept a previously published modeled
radiation context and all associated shortcomings in order to
present the clinical interpretation of radiation exposure risks.
Even so, SPEs, doses, and dose rates are highly unpredictable
and interpretation of acute SPE exposure outcomes is difficult.
Previously, spaceflight-specific literature has focused on risk-
based assessments of radiation exposures without clear clinical
interpretations. Large exposures to space radiation pose a
potential risk for prodromal, degenerative, and carcinogenic
outcomes.'” We have focused only on the potential prodromal/
acute effects of radiation exposure; however, large SPE doses
may instigate degenerative effects associated with cancer, ocular
cataracts, respiratory and digestive diseases, and microvascula-
ture damage.?® For simplicity, these chronic radiation sequelae
have been omitted from the discussion here, but may be consid-
ered pertinent to long-term and postflight crew health concerns.
Many of the studies surveyed used animal models,***” high
dose rates, and varying types of radiation (for example,
gamma vs. proton),”’ all of which limit the conclusions drawn
here."”” Most studies did not involve full-body human radia-
tion exposures and did not challenge multiple organ systems
to respond concurrently to multiple stressors as would be seen
in spaceflight. Modeled outcomes do not include the low-flux
cumulative effects of GCR, which may impact tissue degrada-
tion, immune function, and similar factors that may alter an
astronaut’s response to acute SPEs.”! Finally, the synergistic
effects of spaceflight-induced alterations to stress, perfor-
mance, radiation susceptibility, and immune function are cur-
rently underrepresented in radiation-related research. Studies
have identified decrements to these systems secondary to
long-duration spaceflight.?”!'%!?” Excluding these factors in
space radiation research may underestimate the role of the
spaceflight environment on radiation-induced effects. Over-
all, these disparities contribute to large uncertainties in the
interpretation of space radiobiology studies and models refer-
enced here and the conclusions we have drawn. In short, the
lack of human exposures to doses and dose rates of heavy
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charged particle radiation similar to those found in interplan-
etary space limits the ability to provide sound, evidence-based
clinical interpretation.?!

Similarly, there are limited data available to predict pharma-
ceutical stability during exploration missions.'* While some
studies have demonstrated alterations to pharmacokinetics and
pharmacodynamics during spaceflight,*>%*!92 evaluation of
space environment effects on pharmaceuticals has been limited
to convenience samples of drugs flown in space and a single
controlled study of alterations to active pharmaceutical ingredi-
ent content of formulary medications.**'*"!** Even those medi-
cations flown on the ISS are regularly replaced by ground
resupply, limiting our understanding of the long-term effects of
drug exposure to radiation or other spaceflight factors. We have
mentioned the challenges of approving new medications for
spaceflight in the discussion above; however, even currently
approved pharmaceuticals should be evaluated before they are
considered stable for long-duration and deep-space missions.®>*

Finally, we have chosen to omit discussion of adjunctive
resources for radiation mitigation, such as genetic or individu-
alized risk profiling, diagnostic capabilities, or onboard moni-
toring techniques. Similarly, we have deliberately avoided topics
such as heavy shielding or storm shelters, advanced warning
systems, active dosimeters, and other engineered preventive
measures to focus on medical capabilities in a worst-case shield-
ing scenario. Indeed, our chosen shielding level of 5 g - cm ™2 is
particularly minimal. In a recent publication, Mertens et al. pre-
sented an advanced model for predicting radiobiological
sequelae of SPEs.® This article presented modeled doses, based
on historical SPEs, for vehicles inclusive of a radiation storm
shelter that would provide shielding of = 30 g - cm ™ alumi-
num-equivalent. Not surprisingly, anticipated dose exposures
were substantially lower using this model compared to those
presented here, with an associated elimination of most clinical
sequelae after events even five times greater than the largest
SPEs of the last century.®” Mission architecture that provides
preventive capabilities by limiting radiation exposure, either
through effective shielding or real-time early warning systems
that alert crew to take appropriate safety measures, will likely be
far more beneficial than expanded onboard medical capabilities
that treat detrimental radiation effects.**!” While we have
attempted to identify those resources that might provide the
best benefit in medical treatment scenarios, it must be stated
that prevention will always be preferable to any treatment sce-
nario, and that research efforts directed toward prevention,
shielding, and crew protection should be the focus and goal of
any exploration mission effort.

This discussion has sought to weigh the benefits of potential
medical resources and associated limitations to evaluate their
relative impact on outcomes of a medical response to extreme
radiation events during an exploration-class mission. It is worth
remembering that the health events and sequelae described
herein are predictions derived from radiation models of the
most extreme SPEs of the last century and minimal vehicu-
lar shielding; it is currently not possible to accurately pre-
dict the occurrence of future SPE or the radiation dose that
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crewmembers would incur from SPE exposures. While our dis-
cussion addresses only currently available medical treatment
resources, and future expansion of terrestrial capabilities may
enhance future spaceflight resources accordingly, we hope that
this structured approach provides a framework for near-future
medical system decision-making and risk assessment. Any
improvement of understanding, prediction of the space radia-
tion environment, or to vehicular shielding capabilities, may
significantly alter the conclusions described here.

ACKNOWLEDGMENTS

The authors acknowledge S. Robin Elgart, Caitlin Milder, and Kerry Lee, in
association with the NASA’s Space Radiation Analysis Group, for their assis-
tance. We further acknowledge the support of the Exploration Medical Capa-
bility Element and the Clinical Pharmacy, particularly Tina Bayuse, at NASA
Johnson Space Center.

The views and conclusions contained herein are those of the authors and
should not be interpreted as necessarily representing the official policies or
endorsements, either expressed or implied, of the U.S. Government.

Authors and affiliations: Rebecca S. Blue, M.D., M.P.H., Aerospace Medicine
and Vestibular Research Laboratory, The Mayo Clinic, Scottsdale, AZ, and Geo-
Control Systems, Inc., Houston, TX; Jeffery C. Chancellor, Ph.D., Department
of Physics and Astronomy, Louisiana State University, Baton Rouge, LA; Rahul
Suresh, M.D., M.P.H., and David P. Reyes, M.D., M.P.H., Department of Pre-
ventive Medicine and Community Health, University of Texas Medical Branch,
Galveston, TX; Lisa S. Carnell, Ph.D., NASA Langley Research Center, Hamp-
ton, VA; Craig D. Nowadly, M.D., Department of Emergency Medicine, Univer-
sity of California at Davis, Davis, CA; and Erik L. Antonsen, M.D., Ph.D., NASA
Johnson Space Center, and the Department of Emergency Medicine and Center
for Space Medicine, Baylor College of Medicine, Houston, TX.

REFERENCES

1. Aapro M. Granisetron: an update on its clinical use in the management of
nausea and vomiting. Oncologist. 2004; 9(6):673-686.

2. Ahuja D, Bharati SJ, Gupta N, Kumar R, Bhatnagar S. Possible role of
aprepitant for intractable nausea and vomiting following whole brain
radiotherapy-a case report. Ann Palliat Med. 2016; 5(4):315-318.

3. Aird W, Labopin M, Gorin NC, Antin JH. Long-term cryopreservation of
human stem cells. Bone Marrow Transplant. 1992; 9:487-490.

4. Anno GH, Baum SJ, Withers HR, Young RW. Symptomatology of acute
radiation effects in humans after exposure to doses of 0.5-30 Gy. Health
Phys. 1989; 56(6):821-838.

5. Anno GH, McClellan G, Dore M. Protracted radiation-induced
performance decrement. Alexandria (VA): Defense Nuclear Agency;
1996. Report No.: DNA-TR-95-117, Vol 1.

6. Antonadou D. Radiotherapy or chemotherapy followed by radiotherapy
with or without amifostine in locally advanced lung cancer. Semin Radiat
Oncol. 2002; 12(1):50-58.

7. Antonadou D, Coliarakis N, Synodinou M, Athanassiou H, Kouveli A,
et al. Randomized phase III trial of radiation treatment * amifostine in
patients with advanced-stage lung cancer. Int J Radiat Oncol Biol Phys.
2001; 51(4):915-922.

8. Antonsen E. Risk of adverse health outcomes & decrements in performance
due to inflight medical conditions: ExXMC Pharmacy Research Plan.
Houston (TX): Johnson Space Center, National Aeronautics and Space
Administration; 2017. Report No: NASA/JSC-2017-1651.

9. Antonsen EL, Bayuse T, Blue RS, Daniels VR, Hailey M, et al. The risk of
adverse health outcomes and decrements in performance due to in-flight
medical conditions. Washington (DC): National Aeronautics and Space
Administration; 2017. Report No: NASA/JSC-20170004604.

November 2019

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Aristei C, Alessandro M, Santucci A, Aversa E Tabillo A, et al. Cataracts in
patients receiving stem cell transplantation after conditioning with total
body irradiation. Bone Marrow Transplant. 2002; 29(6):503-507.
Attarian H, Feng Z, Buckner CD, MacLeod B, Rowley SD. Long-term
cryopreservation of bone marrow for autologous transplantation. Bone
Marrow Transplant. 1996; 17:425-430.

Baisden DL, Beven GE, Campbell MR, Charles JB, Dervay JP, et al.
Human health and performance for long-duration spaceflight. Aviat
Space Environ Med. 2008; 79(6):629-635.

Blower P, Aapro M. Granisetron vs. ondansetron: is it a question of
duration of 5-HT3 receptor blockade? Br J Cancer. 2002; 86(10):1662-
1663, author reply 1664.

Blue RS, Bayuse TM, Daniels VR, Wotring VE, Suresh R, et al. Supplying
a pharmacy for NASA exploration spaceflight: challenges and current
understanding. NPJ Microgravity. 2019; 5(1):14.

Blum RA, Majumdar A, McCrea J, Busillo J, Orlowski LH, et al. Effects of
aprepitant on the pharmacokinetics of ondansetron and granisetron in
healthy subjects. Clin Ther. 2003; 25(5):1407-1419.

Blumberg AL, Nelson DE Gramkowski M, Glover D, Glick JH, et al.
Clinical trials of WR-2721 with radiation therapy. Int ] Radiat Oncol Biol
Phys. 1982; 8(3-4):561-563.

Campos D, Pereira JR, Reinhardt RR, Carracedo C, Poli S, et al. Prevention
of cisplatin-induced emesis by the oral neurokinin-1 antagonist, MK-
869, in combination with granisetron and dexamethasone or with
dexamethasone alone. ] Clin Oncol. 2001; 19(6):1759-1767.

Carnell L, Blattnig S, Hu S, Huff ], Kim M-HY, et al. Risk of acute radiation
syndromes due to solar particle events. Houston (TX): National Aeronau-
tics and Space Administration; 2016. Report No: NASA/TR-2016-3870.
Chancellor JC, Blue RS, Cengel KA, Auiién-Chancellor SM, Rubins
KH, et al. Limitations in predicting the space radiation health risk for
exploration astronauts. NP] Microgravity. 2018; 4:8.

Chancellor JC, Guetersloh S, Cengel K, Ford ], Katzgraber H. Emulation of
the space radiation environment for materials testing and radiobiological
experiments. Report No: 1706.02727; 2017. [Accessed 13 June 2017].
Available from https://arxiv.org/abs/1706.02727.

Chancellor JC, Scott GB, Sutton JP. Space radiation: the number one risk
to astronaut health beyond low Earth orbit. Life. 2014; 4(3):491-510.
Chawla SP, Grunberg SM, Gralla R], Hesketh PJ, Rittenberg C, et al.
Establishing the dose of the oral NK1 antagonist aprepitant for the
prevention of chemotherapy-induced nausea and vomiting. Cancer. 2003;
97(9):2290-2300.

Chen S-H, Wang T-F, Yang K-L. Hematopoietic stem cell donation. Int J
Hematol. 2013; 97(4):446-455.

Choy H, Milas L. Enhancing radiotherapy with cyclooxygenase-2 enzyme
inhibitors: a rational advance? J Natl Cancer Inst. 2003; 95(19):1440-
1452.

Clowdsley M, Nealy J, Wilson J, Anderson B, Anderson M, Krizan S.
Radiation protection for lunar mission scenarios. Hampton (VA): Langley
Research Center, National Aeronautics and Space Administration; 2005.
Report No.: NASA/LRC-20050215115.

Crucian B, Stowe RP, Mehta S, Quiriarte H, Pierson D, Sams C. Alterations
in adaptive immunity persist during long-duration spaceflight. NPJ
Microgravity. 2015; 1:15013.

Crucian BE, Zwart SR, Mehta S, Uchakin P, Quiriarte HD, et al. Plasma
cytokine concentrations indicate that in vivo hormonal regulation
of immunity is altered during long-duration spaceflight. J Interferon
Cytokine Res. 2014; 34(10):778-786.

Cucinotta FA, Durante M. Risk of radiation carcinogenesis. In: McPhee
JC, Charles JB, editors. Human Health and Performance Risks of Space
Exploration Missions, chapter 4. Houston (TX): NASA Lyndon B.
Johnson Space Center; 2016:119-170.

Cucinotta FA, Hu S, Schwadron NA, Kozarev K, Townsend LW, Kim M-
HY. Space radiation risk limits and Earth-Moon-Mars environmental
models. Space Weather. 2010; 8(12):1-13.

Cucinotta FA, Kim M-HY, Ren L. Evaluating shielding effectiveness for
reducing space radiation cancer risks. Radiat Meas. 2006; 41(9-10):1173-
1185.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 90, No. 11

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05

CLINICAL SPACE RADIATION RISKS—Blue et al.

Cucinotta FA, Townsend LW, Wilson JW, Golightly MJ, Weyland M.
Analysis of radiation risk from alpha particle component of solar particle
events. Adv Space Res. 1994; 14(10):661-670.

Dainiak N. Hematologic consequences of exposure to ionizing radiation.
Exp Hematol. 2002; 30(6):513-528.

Dainiak N. Rationale and recommendations for treatment of radiation
injury with cytokines. Health Phys. 2010; 98(6):838-842.

Du B, Daniels VR, Vaksman Z, Boyd JL, Crady C, Putcha L. Evaluation
of physical and chemical changes in pharmaceuticals flown on space
missions. AAPS J. 2011; 13(2):299-308.

Engels EA, Ellis CA, Supran SE, Schmid CH, Barza M, et al. Early
infection in bone marrow transplantation: quantitative study of clinical
factors that affect risk. Clin Infect Dis. 1999; 28(2):256-266.

Engels EA, Lau J, Barza M. Efficacy of quinolone prophylaxis in neutropenic
cancer patients: a meta-analysis. ] Clin Oncol. 1998; 16(3):1179-1187.
Epelman S, Hamilton DR. Medical mitigation strategies for acute
radiation exposure during spaceflight. Aviat Space Environ Med. 2006;
77:130-139.

Ewert M, Broyan J, Goodliff K, Clowdsley M, Singleterry R. Comparing
trash disposal and reuse options for Deep Space Gateway and Mars
missions. In: ATAA SPACE Forum. Orlando (FL): ATAA; 2017.

Felice PA, Nelson NS, Page EE, Deshpande SS, Donneys A, et al
Amifostine reduces radiation-induced complications in a murine model
of expander-based breast reconstruction. Plast Reconstr Surg. 2014;
134(4):551e-560e.

Feyer P, Jahn F, Jordan K. Prophylactic management of radiation-induced
nausea and vomiting. BioMed Res Int. 2015; 2015:893013.

Franzén L, Nyman ], Hagberg H, Jakobsson M, Sorbe B, et al. A
randomised placebo controlled study with ondansetron in patients
undergoing fractionated radiotherapy. Ann Oncol. 1996; 7(6):587-592.
Gandia P, Saivin S, Houin G. The influence of weightlessness on
pharmacokinetics. Fundam Clin Pharmacol. 2005; 19(6):625-636.
Gralla RJ, Osoba D, Kris MG, Kirkbride P, Hesketh PJ, et al.
Recommendations for the use of antiemetics: evidence-based, clinical
practice guidelines. American Society of Clinical Oncology. J Clin Oncol.
1999; 17(9):2971-2994.

Hamilton D, Smart K, Melton S, Polk JD, Johnson-Throop K. Autonomous
medical care for exploration class space missions. ] Trauma. 2008; 64(4,
Suppl.):S354-5363.

Harding RK. Prodromal effects of radiation: pathways, models, and
protection by antiemetics. Pharmacol Ther. 1988; 39(1-3):335-345.
Haskin FE, Harper FT, Goossens LHJ, Kraan BCP, Grupa JB. Probabilistic
accident consequence uncertainty analysis—early health effects uncertainty
assessment. Vol. 1: main report. 1997. Report No.: NUREG/CR-6545-
Vol.1, EUR-16775-Vol.1, 291010. [Accessed 16 May 2017]. Available from
http://www.osti.gov/servlets/purl/291010-cH8Oey/webviewable/.
Hesketh PJ, Aapro M, Street JC, Carides AD. Evaluation of risk factors
predictive of nausea and vomiting with current standard-of-care
antiemetic treatment: analysis of two phase III trials of aprepitant in
patients receiving cisplatin-based chemotherapy. Support Care Cancer.
2010; 18(9):1171-1177.

Horiot J-C, Aapro M. Treatment implications for radiation-induced
nausea and vomiting in specific patient groups. Eur ] Cancer. 2004;
40(7):979-987.

Hu S, Cucinotta FA. Characterization of the radiation-damaged precursor
cells in bone marrow based on modeling of the peripheral blood
granulocytes response. Health Phys. 2011; 101(1):67-78.

Hu S, Kim M-HY, McClellan GE, Cucinotta FA. Modeling the acute
health effects of astronauts from exposure to large solar particle events.
Health Phys. 2009; 96(4):465-476.

Hughes WT, Armstrong D, Bodey GP, Bow EJ, Brown AE, et al. 2002
guidelines for the use of antimicrobial agents in neutropenic patients with
cancer. Clin Infect Dis. 2002; 34(6):730-751.

ICRP. The 2007 Recommendations of the International Commission
on Radiological Protection. Ottawa (Ontario, Canada): International
Commission on Radiological Protection; 2007. Report No.: 103, ANN
IRCP 37 (2/4).

November 2019 975


https://arxiv.org/abs/1706.02727
http://www.osti.gov/servlets/purl/291010-cH8Oey/webviewable/

CLINICAL SPACE RADIATION RISKS—BIlue et al.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

976

International Atomic Energy Agency, editor. The radiological accident in
Istanbul. Vienna (Austria): International Atomic Energy Agency; 2000.
Jaworske D, Myers J. Pharmaceuticals exposed to the space environment:
problems and prospects. Washington (DC): National Aeronautics and
Space Administration; 2016. Report No.: NASA/TM-2016-218949.
Kaiser R, Sezer O, Papies A, Bauer S, Schelenz C, et al. Patient-tailored
antiemetic treatment with 5-hydroxytryptamine type 3 receptor antagonists
according to cytochrome P-450 2D6 genotypes. ] Clin Oncol. 2002;
20(12):2805-2811.

Kaur I, Simons ER, Castro VA, Ott CM, Pierson DL. Changes in monocyte
functions of astronauts. Brain Behav Immun. 2005; 19(6):547-554.
Keating GM, Duggan ST, Curran MP. Transdermal granisetron: a guide to
its use in preventing nausea and vomiting induced by chemotherapy. CNS
Drugs. 2012; 26(9):787-790.

Kennedy AR. Biological effects of space radiation and development of
effective countermeasures. Life Sci Space Res (Amst). 2014; 1:10-43.
Kennedy AR, Maity A, Sanzari JK. A review of radiation-induced
coagulopathy and new findings to support potential prevention strategies
and treatments. Radiat Res. 2016; 186(2):121-140.

Kim MY, Blattnig SR, Clowdsley MC, Norman RB. Using spectral shape
and predictor fluence to evaluate temporal dependence of exposures
from solar particle events: temporal evaluation of SPE exposures. Space
Weather. 2017; 15(2):374-391.

Kim MY, De Angelis G, Cucinotta FA. Probabilistic assessment of
radiation risk for astronauts in space missions. Acta Astronaut. 2011;
68(7-8):747-759.

Kim MY, Hayat MJ, Feiveson AH, Cucinotta FA. Prediction of frequency
and exposure level of solar particle events. Health Phys. 2009; 97(1):68-81.
Kim MY, Wilson ], Simonsen L, Cucinotta FA, Atwell W, et al.
Contribution of high charge and energy (HZE) ions during solar-particle
event of September 19, 1989. Houston (TX): National Aeronautics and
Space Administration; 1999. Report No.: NASA/TP-1999-209320.
Kirkbride P, Bezjak A, Pater J, Zee B, Palmer MJ, et al. Dexamethasone for
the prophylaxis of radiation-induced emesis: a National Cancer Institute
of Canada Clinical Trials Group phase III study. ] Clin Oncol. 2000;
18(9):1960-1966.

Kirkpatrick AW, Campbell MR, Jones JA, Broderick TJ, Ball CG, et al.
Extraterrestrial hemorrhage control: terrestrial developments in technique,
technology, and philosophy with applicability to traumatic hemorrhage
control in long-duration spaceflight. ] Am Coll Surg. 2005; 200(1):64-76.
Koukourakis MI, Giatromanolaki A, Zois CE, Kalamida D, Pouliliou
S, et al. Normal tissue radioprotection by amifostine via Warburg-type
effects. Sci Rep. 2016; 6(1):30986.

Kouvaris JR, Kouloulias VE, Vlahos L]. Amifostine: the first selective-target
and broad-spectrum radioprotector. Oncologist. 2007; 12(6):738-747.
Kwak H-W, Lee WJ, Woo SM, Kim BH, Park J-W, et al. Efficacy of argon
plasma coagulation in the treatment of radiation-induced hemorrhagic
gastroduodenal vascular ectasia. Scand ] Gastroenterol. 2014; 49(2):238-
245.

Leach CS. Metabolism and biochemistry in hypogravity. Acta Astronaut.
1991; 23:105-108.

Lee TK, Stupans I. Radioprotection: the non-steroidal anti-inflammatory
drugs (NSAIDs) and prostaglandins. ] Pharm Pharmacol. 2002; 54(11):1435-
1445.

Levine DS, Greenleaf JE. Immunosuppression during spaceflight
deconditioning. Aviat Space Environ Med. 1998; 69(2):172-177.

Liao Z, Milas L, Komaki R, Stevens C, Cox JD. Combination of a COX-2
inhibitor with radiotherapy or radiochemotherapy in the treatment of
thoracic cancer. Am J Clin Oncol. 2003; 26(4):S85-S91.

Liem X, Saad F, Delouya G. A practical approach to the management of
radiation-induced hemorrhagic cystitis. Drugs. 2015; 75(13):1471-1482.
Lohr E Wenz E Schraube P, Flentje M, Haas R, et al. Lethal pulmonary
toxicity after autologous bone marrow transplantation/peripheral blood
stem cell transplantation for hematological malignancies. Radiother
Oncol. 1998; 48(1):45-51.

Lépez M, Martin M. Medical management of the acute radiation
syndrome. Rep Pract Oncol Radiother. 2011; 16(4):138-146.

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 90, No. 11

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Lushbaugh CC. Reflections on some recent progress in human radiobiology.
In: Augentein LG, Mason R, Zelle M, editors. Advances in Radiation
Biology, vol 3. Amsterdam (Netherlands): Elsevier; 1969:277-314.

Marks LB, Friedman HS, Kurtzberg J, Oakes W], Hockenberger BM.
Reversal of radiation-induced neutropenia by granulocyte colony-
stimulating factor. Med Pediatr Oncol. 1992; 20(3):240-242.

Martinez EM, Yoshida MC, Candelario TLT, Hughes-Fulford M.
Spaceflight and simulated microgravity cause a significant reduction of
key gene expression in early T-cell activation. Am J Physiol Regul Integr
Comp Physiol. 2015; 308(6):R480-R488.

Martoni A, Piana E, Strocchi E, Angelelli B, Guaraldi M, et al. Comparative
crossover trial of two intravenous doses of granisetron (1 mg vs 3 mg) +
dexamethasone in the prevention of acute cis-platinum-induced emesis.
Anticancer Res. 1998; 18:2799-2803.

McDonagh M, Peterson K, Thakurta S. Consideration of evidence on
antiemetic drugs for nausea and vomiting associated with chemotherapy
or radiation therapy in adults. Technology Assessment Report. Rockville
(MD): U.S. Department of Health and Human Services; 2010. Report No.:
CANMO0509.

McQuillen J, McKay T, Griffin D. Final report for Intravenous Fluid
Generation (IVGEN) Spaceflight Experiment. Cleveland (OH): Glenn
Research Center, National Aeronautics and Space Administration; 2011.
Report No.: NASA/TM—2011-217033. [Accessed Sept. 6, 2019]. Available
from https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20110014585.pdf.
Mertens CJ, Slaba TC, Hu S. Active dosimeter-based estimate of astronaut
acute radiation risk for real-time solar energetic particle events. Space
Weather. 2018; 16(9):1291-1316.

Millar JL, McElwain TJ, Clutterbuck RD, Wist EA. The modification of
melphalan toxicity in tumor bearing mice by s-2-(3-aminopropylamino)-
ethylphosphorothioic acid (WR 2721). Am J Clin Oncol. 1982; 5(3):321-328.
Miranda D, McMain C, Smith A. Medication-induced QT-interval
prolongation and Torsades de Pointes. US Pharm. 2011; 36(2):HS-2-HS-8.
Molineux G, Kinstler O, Briddell B, Hartley C, McElroy P, et al. A
new form of Filgrastim with sustained duration in vivo and enhanced
ability to mobilize PBPC in both mice and humans. Exp Hematol. 1999;
27(12):1724-1734.

Moore TJ, Furberg CD. Development times, clinical testing, postmarket
follow-up, and safety risks for the new drugs approved by the U.S. Food
and Drug Administration: the class of 2008. JAMA Intern Med. 2014;
174(1):90-95.

Morris MD, Jones TD. A comparison of dose-response models for death
from hematological depression in different species. Int ] Radiat Biol Relat
Stud Phys Chem Med. 1988; 53(3):439-456.

Murphy M, Brown AE, Sepkowitz KA, Bernard EM, Kiehn TE, Armstrong
D. Fluoroquinolone prophylaxis for the prevention of bacterial infections in
patients with cancer-is it justified? Clin Infect Dis Off. 1997; 25(2):346-347.
National Cancer Institute of Canada Clinical Trials Group (SC19)Wong
RKS, Paul N, Ding K, Whitehead M, et al. 5-hydroxytryptamine-3
receptor antagonist with or without short-course dexamethasone in
the prophylaxis of radiation induced emesis: a placebo-controlled
randomized trial of the National Cancer Institute of Canada Clinical
Trials Group (SC19). J Clin Oncol. 2006; 24(21):3458-3464.

National Council on Radiation Protection and Measurements (NCRP).
Guidance on radiation received in space activities. Bethesda (MD):
National Council on Radiation Protection and Measurements; 1989.
Report No.: NCRP 98.

National Council on Radiation Protection and Measurements (NCRP).
Radiation protection for space activities: supplement to previous
recommendations. Bethesda (MD): National Council on Radiation Protec-
tion and Measurements; 2015. Report No.: NCRP Commentary No. 23.
Navari RM. Management of chemotherapy-induced nausea and
vomiting : focus on newer agents and new uses for older agents. Drugs.
2013; 73(3):249-262.

Novikova ND. Review of the knowledge of microbial contamination of
the Russian manned spacecraft. Microb Ecol. 2004; 47(2):127-132.
Ozsahin M, Belkacémi Y, Pene F, Laporte J, Rio B, et al. Interstitial
pneumonitis following autologous bone-marrow transplantation

November 2019

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05


https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20110014585.pdf

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

conditioned with cyclophosphamide and total-body irradiation. Int J
Radiat Oncol Biol Phys. 1996; 34(1):71-77.

Parsons JL, Townsend LW. Interplanetary crew dose rates for the August
1972 solar particle event. Radiat Res. 2000; 153(6):729-733.

Peebles DD, Soref CM, Copp RR, Thunberg AL, Fahl WE. ROS-scavenger
and radioprotective efficacy of the new PrC-210 aminothiol. Radiat Res.
2012; 178(1):57-68.

Perez EA, Gandara DR. The clinical role of granisetron (Kytril) in the
prevention of chemotherapy-induced emesis. Semin Oncol. 1994; 21(3,
Suppl. 5):15-21.

Perfect JR, Dismukes WE, Dromer F, Goldman DL, Graybill JR, et al.
Clinical practice guidelines for the management of cryptococcal disease:
2010 update by the infectious diseases society of america. Clin Infect Dis.
2010; 50(3):291-322.

Priestman TJ, Roberts JT, Upadhyaya BK. A prospective randomized
double-blind trial comparing ondansetron versus prochlorperazine
for the prevention of nausea and vomiting in patients undergoing
fractionated radiotherapy. Clin Oncol (R Coll Radiol). 1993; 5(6):358-
363.

Roberts JT, Priestman TJ. A review of ondansetron in the management of
radiotherapy-induced emesis. Oncology. 1993; 50(3):173-179.

Ruff P, Paska W, Goedhals L, Pouillart P, Riviére A, et al. Ondansetron
compared with granisetron in the prophylaxis of cisplatin-induced acute
emesis: a multicentre double-blind, randomised, parallel-group study.
The Ondansetron and Granisetron Emesis Study Group. Oncology. 1994;
51(1):113-118.

Saivin S, Pavy-Le Traon A, Soulez-LaRiviere C, Giell A, Houin G.
Pharmacology in space: pharmacokinetics. Adv Space Biol Med. 1997;
6:107-121.

Sandridge C, Simonsen L, Spangler J. Online Tool for the Assessment of
Radiation in Space (OLTARIS). 2017. [Accessed Sept. 6, 2019]. Available
from https://oltaris.nasa.gov.

Sanzari JK, Wan XS, Wroe AJ, Rightnar S, Cengel KA, et al. Acute
hematological effects of solar particle event proton radiation in the
porcine model. Radiat Res. 2013; 180(1):7-16.

Schnell FM. Chemotherapy-induced nausea and vomiting: the
importance of acute antiemetic control. Oncologist. 2003; 8(2):187-198.
Schroeder ], Tuttle M. Investigation of possible causes for human-
performance degradation during microgravity flight. Houston (TX):
National Aeronautics and Space Administration; 1992. Report No.:
NASA-CR-190114.

Schuerger AC. Microbial contamination of advanced life support (ALS)
systems poses a moderate threat to the long-term stability of space-based
bioregenerative systems. Life Support Biosphere Sci Int J Earth Space.
1998; 5(3):325-337.

Schulmeister L. Granisetron transdermal system: a new option to help
prevent chemotherapy-induced nausea and vomiting. Clin ] Oncol Nurs.
2009; 13(6):711-714.

Simon M, Cerro J, Clowdsley M. RadWorks storm shelter design for
solar particle event shielding. Hampton (VA): Langley Research Center:
National Aeronautics and Space Administration; 2017. Report No.:
NASA/LRC-2017-2287.

Sinclair WK. Radiation risk estimation and its application to human
beings in space. Adv Space Res. 1984; 4(10):115-120.

Singh VK, Newman VL, Seed TM. Colony-stimulating factors for
the treatment of the hematopoietic component of the acute radiation
syndrome (H-ARS): a review. Cytokine. 2015; 71(1):22-37.

Singh VK, Romaine PLP, Newman VL. Biologics as countermeasures for
acute radiation syndrome: where are we now? Expert Opin Biol Ther.
2015; 15(4):465-471.

Soref CM, Hacker TA, Fahl WE. A new orally active, aminothiol
radioprotector-free of nausea and hypotension side effects at its highest
radioprotective doses. Int ] Radiat Oncol Biol Phys. 2012; 82(5):e701-
€707.

Spitzer TR, Friedman CJ, Bushnell W, Frankel SR, Raschko J. Double-
blind, randomized, parallel-group study on the efficacy and safety of
oral granisetron and oral ondansetron in the prophylaxis of nausea and

AEROSPACE MEDICINE AND HUMAN PERFORMANCE  Vol. 90, No. 11

115.

116.

117.

118.

119.
120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.
132.

133.

134.

135.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05

CLINICAL SPACE RADIATION RISKS—Blue et al.

vomiting in patients receiving hyperfractionated total body irradiation.
Bone Marrow Transplant. 2000; 26(2):203-210.

Stingl JC, Welker S, Hartmann G, Damann V, Gerzer R. Where failure
is not an option -personalized medicine in astronauts. PLoS One. 2015;
10(10):e0140764.

Strangman GE, Sipes W, Beven G. Human cognitive performance in
spaceflight and analogue environments. Aviat Space Environ Med. 2014;
85(10):1033-1048.

Stricklin D, Oldson D, Wentz J, Sanchez B, Millage K, McClellan G. An
overview of the technical basis of HENRE 2.0 models. Arlington (VA):
Applied Research Associates, Inc.; 2015. Report No.: DTRA-TR-15-070.
Strom DJ. Health impacts from acute radiation exposure. 2003. Report
No.: PNNL-14424, 15020969. [Accessed 16 May 2017]. Available from
http://www.osti.gov/servlets/purl/15020969-j1mdj2/.

Taylor GR. Recovery of medically important microorganisms from
Apollo astronauts. Aerosp Med. 1974; 45(8):824-828.

Taylor GR, Dardano JR. [Human cellular immune responsiveness
following space flight]. Kosm Biol Aviakosm Med. 1984; 18(1):74-80.
Taylor GR, Konstantinova I, Sonnenfeld G, Jennings R. Changes in the
immune system during and after spaceflight. Adv Space Biol Med. 1997;
6:1-32.

Townsend LW, Cucinotta FA, Wilson JW, Bagga R. Estimates of HZE
particle contributions to SPE radiation exposures on interplanetary
missions. Adv Space Res. 1994; 14(10):671-674.

Turner R. Radiation shielding. 2009; [Accessed Sept. 6, 2019]. Available
from https://three.jsc.nasa.gov/articles/Shielding81109.pdf.

Waljee AK, Rogers MAM, Lin P, Singal AG, Stein JD, et al. Short term
use of oral corticosteroids and related harms among adults in the United
States: population based cohort study. BMJ. 2017; 357:j1415.

Walsh TJ, Finberg RW, Arndt C, Hiemenz J, Schwartz C, et al. Liposomal
amphotericin B for empirical therapy in patients with persistent fever
and neutropenia. National Institute of Allergy and Infectious Diseases
Mycoses Study Group. N Engl ] Med. 1999; 340(10):764-771.

Washburn LC, Rafter JJ, Hayes RL. Prediction of the effective
radioprotective dose of WR-2721 in humans through an interspecies
tissue distribution study. Radiat Res. 1976; 66(1):100-105.

Welch RB, Hoover M, Southward EE Cognitive performance during
prismatic displacement as a partial analogue of “space fog”. Aviat Space
Environ Med. 2009; 80(9):771-780.

Weycker D, Malin J, Barron R, Edelsberg ], Kartashov A, Oster G.
Comparative effectiveness of filgrastim, pegfilgrastim, and sargramostim
as prophylaxis against hospitalization for neutropenic complications in
patients with cancer receiving chemotherapy. Am J Clin Oncol. 2012;
35(3):267-274.

de Wit R, de Boer AC, vd Linden GH, Stoter G, Sparreboom A, Verweij
J. Effective cross-over to granisetron after failure to ondansetron, a
randomized double blind study in patients failing ondansetron plus
dexamethasone during the first 24 hours following highly emetogenic
chemotherapy. Br ] Cancer. 2001; 85(8):1099-1101.

Wotring VE. Risk of therapeutic failure due to ineffectiveness of medication.
Houston (TX): NASA Johnson Space Center, National Aeronautics and
Space Administration; 2011. Report No.: NASA/JSC-CN-32122. [Accessed
Sept. 6, 2019]. Available from https://humanresearchroadmap.nasa.gov/
evidence/reports/Pharm.pdf?rnd=0.344929827537821.

Wotring VE. Space pharmacology. New York: Springer Science &
Business Media; 2012.

Wotring VE. Medication use by U.S. crewmembers on the International
Space Station. FASEB J. 2015; 29(11):4417-4423.

Wotring VE. Chemical potency and degradation products of medications
stored over 550 Earth days at the International Space Station. AAPS J.
2016; 18(1):210-216.

Yun HG, Kim HY, Kim DY, Lim Y]J. Successful treatment of intractable
bleeding caused by radiation-induced hemorrhagic gastritis using oral
prednisolone: a case report. Cancer Res Treat. 2015; 47(2):334-338.
Zietse R, Zoutendijk R, Hoorn EJ. Fluid, electrolyte and acid-base
disorders associated with antibiotic therapy. Nat Rev Nephrol. 2009;
5(4):193-202.

November 2019 977


https://oltaris.nasa.gov
http://www.osti.gov/servlets/purl/15020969-j1mdj2/
https://three.jsc.nasa.gov/articles/Shielding81109.pdf
https://humanresearchroadmap.nasa.gov/evidence/reports/Pharm.pdf?rnd=0.344929827537821
https://humanresearchroadmap.nasa.gov/evidence/reports/Pharm.pdf?rnd=0.344929827537821

