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Chapter 1
Radiation: A Primer

One of the most challenging parts for the human journey to Mars is the risk of radiation 
exposure and the inflight and long-term health consequences of the exposure. This ionizing 
radiation travels through living tissues, depositing energy that causes structural damage to 
DNA and alters many cellular processes.

—NASA Space Radiation Element Scientist Lisa Simonsen, Ph.D.

Galactic cosmic ray exposure can devastate a cell’s nucleus and cause mutations that can 
result in cancers. We learned the damaged cells send signals to the surrounding, unaffected 
cells and likely modify the tissues’ microenvironments. Those signals seem to inspire the 
healthy cells to mutate, thereby causing additional tumors or cancers.

—Dr. Francis Cucinotta, University of Nevada, Las Vegas

Exposure to these particles can lead to a range of potential central nervous system compli-
cations that can occur during and persist long after actual space travel—such as various 
performance decrements, memory deficits, anxiety, depression, and impaired decision-
making. Many of these adverse consequences to cognition may continue and progress 
throughout life.

—Dr. Charles Limoli, radiation oncology professor at the University of California, 
Irvine

As long as there have been astronauts there has been talk of a manned mission 
to Mars. Hardly a week goes by without an announcement of another humans-to-
Mars initiative. Over the years the public has been introduced to Inspiration Mars, 
Mars One, and SpaceX’s Interplanetary Transport System. Most such announce-
ments garner plenty of press before dying a slow and natural death, but each mission 
shares one common denominator: they are either oblivious to (such as in the case of 
Mars One) or choose to ignore (Mars One again) the dangers of space radiation 
(Figs. 1.1 and 1.2). So let’s take a look at what radiation sources are out there. We’ll 
begin with galactic cosmic rays (GCR)

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74615-9_1&domain=pdf
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Fig. 1.1  Radiation damages every system in the body. (Image courtesy of NASA)

Fig. 1.2  Types of space radiation. (Image courtesy of NASA)

1  Radiation: A Primer
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�Galactic Cosmic Rays

Why all the fuss over this particular type of radiation? GCRs (Fig. 1.3) are unique 
for the simple reason it is nigh on impossible to shield against them, and here’s why. 
GCRs, which are highly energetic charged particles that originate outside the Solar 
System, bullet along at close to the speed of light, propelled through space by the 
force of exploding stars [1, 2]. This means these particles have tremendous energy. 
The mass of some of these particles, such as iron, combined with their phenomenal 
speed, enable them to slice through the walls of a spacecraft like the proverbial hot 
knife through butter. And astronauts exposed to too much cosmic radiation will be 
at high risk of developing cancer. And not just any cancer. Here’s what Dr. Francis 
Cucinotta of the University of Nevada in Las Vegas [3], one of the world’s leading 
experts on the physiological effects of space radiation, said: “The type of tumors 
that cosmic ray ions make are more aggressive than what we get from other 
radiation.”

GCR are comprised almost entirely of protons and alpha particles (about 99%), 
with the remaining 1% composed of heavy nuclei such as lithium, beryllium and 
boron. GCR composed of charged nuclei that are heavier than helium are termed 
HZE ions. HZE ions are scarce, but because these particles are so highly charged 
and so heavy, they contribute to a large proportion of an astronaut’s radiation dose.

Fig. 1.3  Galactic cosmic radiation. (Image courtesy of NASA)

Galactic Cosmic Rays
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The ISS is equipped with a suite of active radiation monitors (Fig. 1.4) that pro-
vide ground controllers and crew with cumulative exposures and dose rates. We’ll 
discuss these in more detail in Chap. 5, so what follows is an overview. One exam-
ple of the monitors carried on ISS is a spectrometer that provides time-resolved 
measurements of GCR and the components of GCR such as neutrons, which are 
measured via neutron spectroscopy. Why are neutrons so important?

Well, results from various studies over the years have revealed that secondary 
neutrons contribute up to 30% of the total radiation dose that astronauts are exposed 
to during their tour of duty [4]. Charged particle monitoring is also important 
because this data provides information about the direction-dependent distribution of 
charged particles inside the ISS [5]. This data can then be used to calculate accurate 
radiation data for organ exposure and the consequent risk of that exposure to the 
particular organ (see Chap. 2). All in all, the accumulation of this data is collected 
for the purpose of reducing ambiguity when calculating risk and decreasing the 
uncertainty when characterizing the radiation environment inside the ISS.

Fig. 1.4  Astronauts conducting spacewalks are monitored for radiation exposure using the EVA 
Radiation Monitoring (EVARM) instrument. (Image courtesy of Canadian Space Agency and 
NASA)

1  Radiation: A Primer
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Fig. 1.5  Solar particle events eject billions of tons of material into space. (Image courtesy of 
NASA)

�Solar Particle Events

The next component of space radiation are solar particle events (SPEs, Fig. 1.5). 
SPEs are comprised of energetic electrons, protons, and alpha particles that are 
accelerated to speeds approaching light speed by shockwaves that precede coronal 
mass ejections (CMEs), which occur near solar flare sites. The most energetic 
SPEs may arrive in low Earth orbit (LEO) within 20 or 30 min of the event and may 
cause significant effects in Earth’s atmosphere. Fortunately, those effects are 
predictable—to a degree. That’s because the Sun’s activity follows an 11-year 
cycle that consists of four inactive years (solar minimum) and seven active years 
(solar maximum).

During solar maximum, the Sun generates about three CMEs per day, compared 
to one every five days during solar minimum. These events and the timing of them 
are significant because a typical CME contains billions of tons of matter, and the 
shockwaves associated with CMEs may generate magnetic storms that can impact 
those residing in LEO. During a large SPE, the fluence of protons may exceed tens 
of millions of electron volts (MeV) and may significantly increase the radiation 
dose for crews in LEO. Needless to say, such energies impose significant opera-
tional constraints upon mission planners. Unfortunately there are no ways to reli-
ably predict when an SPE may strike; the best scientists can do is to study (Fig. 1.6) 
the relationship between SPE intensity and the parameters of shock and plasma, to 
better understand the conditions when these events occur [6].

Solar Particle Events
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Thanks to measurements by the Geostationary Operational Environmental 
Satellite (GOES) system, scientists have been able to classify the size of SPEs. Most 
SPEs are classified as A, B, C, M or X, with each class having a peak flux ten times 
greater than the previous one. A linear scale exists within each class, which means 
that a flare rated X2 is twice as powerful as a flare rated X1 (or four times as power-
ful as one rated M5). The flares that generally are the most disruptive are those in 
the M and X categories. To estimate radiation exposure, scientists use the spectra of 
SPEs to estimate particle intensities. This information is then used to model radia-
tion exposures, but due to the unpredictable characteristics of particle acceleration 
and propagation of these particles in interplanetary space [7], the spectra of many 
SPEs are difficult to determine. To partially overcome this problem, scientists use 
algorithms that sequentially interpolate measured data points. This information may 
also be used to model radiation exposure. To determine acute radiation risks caused 
by SPE exposure, a projection code was developed by NASA [8]. Known as the 
Acute Radiation Risk/BRYNTRRN Organ Dose (ARRBOD) projection code, this 
software can be used to analyze SPEs. This information, combined with informa-
tion obtained from human phantom models and dosimetry (Chap. 5), can be used to 
estimate resultant organ doses in those astronauts who encounter an SPE event. This 
information in turn can be used to model the severity of acute radiation sickness 
(Chap. 7) and the consequent effects that may include vomiting, nausea, and 
weakness.

Fig. 1.6  Scientists can study SPE’s (also known as SEPs) in an attempt to predict solar weather. 
(Image courtesy of NASA)
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In practice, the interplanetary SPE environment has been characterized by moni-
tors such as the Radiation Assessment Detector (RAD), which was carried on board 
the Mars Science Laboratory (MSL, Fig.  1.7). The RAD recorded three SPEs 
(January 23, 2012, March 7, 2012, and May 17, 2012) [9, 10]. None of these events 
were major SPEs, but timing is everything in spaceflight; between Apollo 16 and 17, 
one of the most powerful SPE’s occurred. Had there been astronauts en-route to the 
Moon at the time, crewmembers would have absorbed lethal radiation doses within 
10 h of launch.

�Radiation Doses on Board the International Space Station

The ISS (Fig. 1.8) orbits at an altitude of about 400 km (at perigee it is at 400 km 
and at apogee it orbits at 408  km), which is within the Earth’s magnetosphere, but 
this still means astronauts are exposed to high fluxes of ionizing radiation, the pri-
mary sources of which are GCRs. In addition to GCRs, ISS crews are exposed to 
particles trapped in the Van Allen Belts and SPEs [2, 11, 12]. Another key element 
in calculating the radiation exposure of astronauts on board the orbiting outpost is 
the orbital inclination of the ISS, which is 52°. This inclination means that the sta-
tion passes through the South Atlantic Anomaly (SAA, Fig. 1.9) every day.

The SAA, which is located east of Argentina, is a region characterized by an 
anomaly in Earth’s geomagnetic field that results in energetic particles penetrating 
to lower altitudes than normal. This means that when the ISS passes through the 
SAA astronauts are exposed to higher levels of ionizing radiation. Astronauts are 
already at risk of developing cancer simply by traveling to space. Astronauts on the 

Fig. 1.7  Mars science laboratory. (Image courtesy of NASA)

Radiation Doses on Board the International Space Station
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Fig. 1.9  South Atlantic anomaly. (Image courtesy of NASA and NOAA)

Fig. 1.8  International space station. (Image courtesy of NASA)

ISS receive 80 milliSieverts (mSv) during a 6-month period, whereas people on 
Earth receive 2  mSv a year. Another comparative metric is the chest radiograph 
dose, which is 0.02 μSv/h. And if you happen to spend a lot of time flying commer-
cial the radiation dose per hour is about 0.3–5.7 μSv. Spend too much time in orbit, 
and astronauts hit their career radiation limit, which equates to an increase of 3% 
risk (sidebar) of developing cancer in their lifetime. Any astronaut heading for Mars 
will be exposed to between 1 and 5 Sv and therefore be guaranteed to hit—and 
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exceed—that limit by virtue of being exposed to killer radiation for the best part of 
2 years. But remember, this is not just any type of radiation. This radiation isn’t 
stopped by shielding, and there is a lot of it. Out there in deep space, it would only 
take about three days for every cell in every crewmember to be hit by a high-energy 
proton. Now, for some cells, it isn’t much of a problem, but when these careening 
nuclei hit important cells such as DNA, mutations may result (Fig. 1.10) [13, 14].

�Improving Crew Health

It sounds like a lot of doom and gloom, which is why experts such as Dr. Cucinotta 
[3] recommend that space agencies gather a lot more data about how GCR affects 
crew health and how these effects may be mitigated. For example, some of the 
immune responses caused by GCR exposure are similar to those in inflammatory 
diseases. In such cases, oxidants are produced that change intercellular signaling, 
but it is possible that non-steroidal anti-inflammatory drugs could be taken by 

Radiation Risk
In the United States, the incidence rate of cancer is 38.5% (according to the 
National Cancer Institute based on statistics between 2008 and 2012). If you 
exposed 100 people (which is the capacity of SpaceX’s Mars-bound 
Interplanetary Transport System incidentally) to the amount of radiation that 
Mars astronauts will be exposed to, 61 of them would be diagnosed with can-
cer. By virtue of the unique characteristics of GCR, these cancers would typi-
cally be lung, breast and colorectal cancers, meaning half of these astronauts 
would die. Scientists have modeled the dangers of GCRs during a manned 
Mars mission and have calculated that exposure to radiation on such a trip 
would shorten an astronaut’s lifespan by between 15 and 24 years.

Fig. 1.10  Space radiation 
can cause serious and 
lasting damage to genetic 
material. (Image courtesy 
of NASA)

Improving Crew Health
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astronauts during their Mars mission to mitigate some of the effects of cancer [15]. 
Another more serious effect of GCR is that it may accelerate the onset of symptoms 
similar to those exhibited by Alzheimer’s patients [16]:

Galactic cosmic radiation poses a significant threat to future astronauts. The possibility 
that radiation exposure in space may give rise to health problems such as cancer has long 
been recognized. However, this study shows for the first time that exposure to radiation 
levels equivalent to a mission to Mars could produce cognitive problems and speed up 
changes in the brain that are associated with Alzheimer’s disease.

—Professor M. Kerry O’Banion, M.D., Ph.D., University of Rochester Medical Center 
Department of Neurobiology and Anatomy

O’Banion’s research focused on how GCR affects the central nervous system 
(CNS), and the news was less than rosy. Much of his research has been conducted 
at the NASA Space Radiation Laboratory at Brookhaven National Laboratory on 
Long Island. It’s a place that was chosen for its accelerators, which can collide mat-
ter at extremely high speeds, thereby replicating what happens in space. O’Banion’s 
research examined the effect of GCR-equivalent radiation on cognitive function. 
To do this, mice were exposed to various doses of radiation comparable to levels 
that Mars-bound astronauts would be subjected to. The mice were subject to recall 
tests, and researchers found that mice exposed to radiation were more likely to fail 
the tests, a finding that indicated cognitive impairment. Dr. O’Banion says: “Because 
iron particles pack a bigger wallop it is extremely difficult from an engineering 
perspective to effectively shield against them. One would have to essentially wrap a 
spacecraft in a 6-foot block of lead or concrete.”

After examining the mice more closely, researchers found that the brains of the 
mice exhibited signs of vascular alteration and larger than normal amount of beta 
amyloid, which happens to be a signature of Alzheimer’s. The researchers con-
cluded that exposing astronauts to GCR for extended duration might accelerate 
Alzheimer’s. So what can astronauts do? Well, they can shield themselves from the 
radiation, a subject discussed in Chap. 6, and they can monitor their exposure to 
radiation while they are inside the vehicle.

�Intravehicular Radiation

On board the ISS, passive dosimeters (Fig. 1.11) are located in each pressurized 
module [4]. These dosimeters measure time-integrated absorbed doses that change 
according to the station’s altitude and position in the solar cycle. The requirements 
of these dosimeters are defined in the International Space Station Medical Operations 
Requirements Document (ISS MORD SSP 50260), a document that states the dose 
limits and radiation exposure practices across all mission phases. These radiation 
monitors must perform the following functions:

	1.	 Measure cumulative radiation dose.
	2.	 Downlink linear energy transfer data
	3.	 Provide direction-dependent distribution radiation data for inside and outside 

the ISS.

1  Radiation: A Primer



11

	4.	 Downlink data for frequent analysis.
	5.	 Downlink dose-rate from charged particle monitoring equipment
	6.	 Alert the crew when exposure rates exceed set threshold

We’ll talk more about these monitors later in this brief but for now that concludes 
our primer on radiation. Before delving deeper on the subject of radiation and astro-
naut safety it is helpful to provide a structure and outline to this brief.

�Purpose of This Brief

The purpose of this brief is to provide a general overview of the hazards of radiation 
to crews working in space. The corporation SpaceX (Fig. 1.12) is planning on send-
ing a manned mission to Mars before the end of the 2020s, and the company may be 
followed by NASA shortly thereafter. As preparations for these missions continue, 
the European Space Agency (ESA) is developing a mission architecture for estab-
lishing a permanent presence on the Moon (Fig. 1.13). An important consideration 
in each of these ventures is protecting crews against exposure to radiation. This is 
because exposure to radiation may result in long-term health consequences for 
astronauts on such missions. To help with these concerns, NASA is engaged in 
research aimed at better understanding the risks of space radiation, evaluating radia-
tion shielding requirements, and recommending a strategic plan for developing 
appropriate mitigation capabilities. This book presents an assessment of the current 

Fig. 1.11  A radiation area monitor deployed in the ISS. (Image courtesy of NASA)
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knowledge of the radiation environment. It also examines the effects of radiation on 
biological systems and mission equipment and provides an analysis of current plans 
for radiation protection.

�Structure of This Brief

This introductory chapter has provided an overview of the types of radiation and 
some of the ways radiation is measured and monitored on board the ISS. Chapter 2 
delves into the biomedical short- and long-term consequences of being exposed to 

Fig. 1.12  Artist’s impression of SpaceX’s Dragon V2 arriving at Mars. (Image courtesy of 
SpaceX)

Fig. 1.13  The European Space Agency has proposed a lunar village to be established by the late 
2020s. (Image courtesy of ESA)
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space radiation with particular emphasis on mechanisms used by the body to repair 
this damage. Chapter 3 examines the various ways limits are set by the space agen-
cies and what risk levels are deemed acceptable. These limits are set against terres-
trial exposure levels, which are 80 times lower than the level astronauts are exposed 
to in orbit. These exposure levels are referred to throughout the book to frame the 
extreme risk that astronauts venturing beyond Earth orbit will need to accept. Many 
proponents of a manned Mars mission support their argument by pointing out that 
since astronauts on board ISS spend six months in orbit a six month trip to Mars 
shouldn’t pose any problems. The reality is different. Whereas astronauts on board 
the ISS are exposed to 80 mSv during a 6-month increment, a Mars-bound astronaut 
will be exposed to 3.5 Sv. Not only that, but astronauts bound for the Red Planet will 
be exposed to the same amount of radiation on the return trip, and we haven’t even 
discussed the exposure accrued during the surface stay. In short, the theme of this 
book is that radiation is perhaps the greatest challenge that must be overcome before 
sending crews for extended stays in deep space. It is why NASA has an entire group 
dedicated to assessing the effects of radiation on its crews. This group—the Space 
Radiation Assessment Group—is introduced in Chap. 4.

The primary means by which radiation effects cells is by damaging DNA—breaks in strands 
could be experienced. DNA bases (adenine, guanine, cytosine, and thymine) can also be 
knocked out. The cell will make an attempt to repair these damages. Sometimes it’s effective 
and sometimes it’s not, and sometimes it can be mis-repaired. Genes that have been mis-
repaired can become mutations, and the accumulation of these mutations over time can 
potentially lead to cancer.

—Dr. Peter Guida, liaison biologist for NASA Space Radiation Laboratory

Chapter 5 describes some of the ways radiation is measured inside and outside 
the ISS. The reader is introduced to the various dosimeters space agencies use to 
track radiation, analyze it, and make recommendations on crew health based on 
dosimetric data. Chapter 6 delves into the various ways engineers can protect astro-
nauts from radiation. Accepted shielding materials such as polyethylene and water 
are discussed, and the reader is introduced to more exotic shielding options such as 
magnetic and electrical shielding. Chapter 7 deals with the challenges of dealing 
with acute radiation sickness (ARS), the syndromes that comprise ARS, while 
Chap. 8 discusses how astronauts might deal with the consequences of being 
exposed to high radiation levels. Pharmacological countermeasures are dealt with in 
Chap. 9, which discusses candidate radioprotectors and examines the process of 
radiation injury and repair. Finally, in Chap. 10, the reader is introduced to methods 
that NASA might implement to ensure astronauts embarked on Mars missions are 
as radiation-resistant as possible.
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Chapter 2
Biomedical Consequences of Exposure 
to Space Radiation

The biological effects of exposure to space radiation can be divided into acute and 
chronic. Acute effects are the result of exposure to high radiation doses, which may 
be caused by solar particle events (SPEs), whereas chronic effects are caused by 
extended exposure to space radiation. Potential effects of either type of exposure 
include direct and indirect damage to genetic material, biochemical alterations of 
cells and/or tissues, carcinogenesis, degenerative tissue effects and cataracts. The 
extent of these effects is determined by the type of radiation, its flux and the energy 
spectrum, factors that are incompletely understood.

Other factors that determine radiation damage include age at exposure, gender, 
and susceptibility to radiation. The quantitative physiological effects of radiation 
are also poorly understood, due partly to misinterpretation of the exact mechanisms 
and processes that concern DNA repair. For example, experiments in the 2010s 
revealed a number of uncertainties that apply to the quality factors used in radiation 
protection; some studies indicated that physiological damage caused by a specific 
exposure is only half that previously estimated, a finding explained by the fact that 
low energy protons inflict more damage than high energy ones. Why? Very simply 
because the low energy protons take longer to pass through the body and therefore 
have more time to interact with the tissues.

Yet another poorly understood mechanism is that of Relative Biological 
Effectiveness (RBE), which is determined to a large degree by radiation type and 
kinetic energy. How RBE correlates with tumor type or cancer progression is practi-
cally unknown because most of the limited experimental data has been conducted 
on mice, and it is very difficult to extrapolate and apply mice data to humans. It is 
even more of a challenge to use that data to estimate health risks for cancer, cata-
racts (Figs. 2.1 and 2.2), and CNS risks. To gain even a cursory insight into the 
problem will require many, many, many more astronauts conducting one-year (or 
longer) increments followed by post-mission observation times of at least 10 
years—at least. Given that the ISS is due to be retired in 2028, this goal is impos-
sible. And even it was, extrapolating data from the ISS to deep space is extremely 
limited at best in terms of making accurate risk predictions for those who eventually 
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venture beyond Earth orbit. In short, there are myriad knowledge gaps regarding the 
potential acute and late biomedical risks from galactic cosmic rays (GCRs) and 
SPEs, but what follows is some of what we know.

�Central Nervous System Effects

The potential acute and late risks to the central nervous system (CNS) from GCRs 
and SPEs have not been a major consideration for crews on board the ISS because 
these astronauts are exposed to relatively low to moderate doses of ionizing radia-
tion compared to deep space doses (see Chap. 1 for a discussion of the radiation 
measured en-route to Mars).

“I’m having these light flashes. I’m seeing this, like, light flashing in my eyeballs. It was 
like fireworks in your eyeballs. It was spectacular.”

—Charles Duke, Lunar Module Pilot, Apollo 16

The risk presented by GCRs was evident during the Apollo era [1] when astro-
nauts reported the ‘light flash’ phenomenon described above and caused by HZE 
nuclei traversing through the retina (Fig. 2.2). As these nuclei traverse, they cause a 
microlesion. In addition to microlesions in the eye, exposure to HZE nuclei, at doses 
similar to ones that astronauts will be exposed to during a Mars mission, causes 
neurocognitive deficits, such as operant reactions. The extent of such a performance 

Fig. 2.1  Radiation can cause single and double strand breaks in DNA. (Image courtesy of NASA)
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deficit is determined to a large degree by linear energy transfer (LET)1 and age at the 
exposure. Other CNS risks include detriments in short-term memory and altered 
motor function. These are discussed briefly here.

Radiation protection for astronauts is based on a risk of a 1 in 33 probability of 
death by cancer caused by occupational exposure, a limit that compares with a 1 in 270 
risk of loss of crew caused by a flight failure. This risk estimate is determined by 
human epidemiology combined with quality factors, risk projection models and exper-
imental models, but this method cannot be applied to estimate CNS risks in deep space 
[2, 3]. The reason for this is that there have been very few humans that have ventured 
beyond Earth orbit, which means human scaling is next to impossible. What is known 
is that GCR comprise of protons, helium nuclei and nuclei that travel with high charge 
and great energy—also known as HZE nuclei. The energy of these nuclei may range 
from tens of millions of electron volts (MeV)/u to more than 10,000 MeV/u.2 But these 
energies do not tell the whole story, because secondary particles are generated as the 
nuclei pass through shielding and tissue. And since GCR (Fig. 2.3) nuclei have such 
high energies, they are capable of passing through hundreds of centimeters of material. 
To get a better understanding of the GCR environment on a trip to Mars, NASA flew 
the radiation assessment detector (RAD) on the Mars Science Laboratory (MSL) [4].

Table 2.1 shows the GCR dose equivalent measured by the RAD/MSL study. By 
comparison, astronauts spending 6 months on the ISS are exposed to 80 mSv, or less 
than a quarter of the exposure of astronauts spending more than 6 months on a trip 

1 LET is the retarding force acting on a charged ionizing particle as it passes through material, 
whether that material happens to be a spacecraft or an astronaut. The term describes how much 
energy the particle transfers to the material traversed per unit distance. LET also depends on the 
type of radiation and the material traversed.
2 MeV is short for megaelectron volt and is equivalent to one million electron volts (eV). One eV 
is the amount of kinetic energy gained by an electron as it accelerates through an electric potential 
difference of one volt.

Fig. 2.2  Radiation-induced cataracts are one consequence of spending time in deep space. We 
know this from the experience of Apollo astronauts, many of whom suffered cataracts within a few 
years of returning from their mission. There are also several documented cases of astronauts who 
flew high altitude shuttle missions who suffered from cataracts. (Image courtesy of NASA and 
Sciencemag.com)

Central Nervous System Effects
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to Mars [4]. The reason for the difference is that astronauts in LEO are partly pro-
tected by Earth’s magnetic field, which repels GCR nuclei with energies below 
1000 MeV/u. With astronauts taking such a radiation hit it will be necessary to find 
out as much as possible about the biomedical effects of exposure to GCR.  One 
option is to use non-human primates (NHP) since NHPs and humans share a num-
ber of physiological and neurobiological characteristics [5].

For example, NHPs are used to investigate infectious diseases, Alzheimer’s, and 
strokes. Rodents can also be used, although the number of cross-species differences 
makes clinical determination of CNS health risks. For example, many of the cogni-
tive deficits are known to originate in the frontal cortex in humans, but this area is 
underdeveloped in rodents. Another example is the difference in risk assessment; 
death for 50% of a population from a fixed level of radiation exposure occurs at a 
lower level of exposure for humans than it does for certain strains of rodents. But 
rodents are the more favored test subject when it comes to radiation research because 
NHP studies require much higher costs and more thorough ethical review (Table 2.2).

�Behavioral Studies of CNS Risks

One radiation-related topic that has received media attention in recent years is the 
suggestion that exposure to deep space radiation may cause cognitive deficits. One 
early study that investigated this [7] exposed rats to 1000 MeV/u before testing their 
spatial memory in a radial maze. In this study, the exposed rats committed more 
errors than control rats and were unable to develop a spatial strategy to make their 
way through the maze. A similar study [8] examined mice that had been subjected 
to two weeks of whole-body irradiation. The results of this study revealed impaired 
novel object recognition and reduced spatial memory. Another study exposed Wistar 

Table 2.1  MSL 
measurements for average 
dose-rate on cruise phase to 
Mars and on Mars surface [4]

GCR dose equivalent rate (mSv/day)

RAD cruise to Mars 1.84 ± 0.33
RAD Mars surface 0.70 ± 0.17

Fig. 2.3  The GCR environment in deep space. (Image courtesy of NASA)
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rats [9] to 1000 MeV/u and tested the rats 3 months after exposure. The test in this 
study was an attentional set shifting task (AST)3 which only 17% of the irradiated 
rats were able to complete compared with 78% of control rats.

�Altered Neurogenesis4

Research has revealed that neurogenesis may be sensitive to radiation [10], which in 
turn may result in cognitive deficits such as memory [11]. Furthermore, studies have 
indicated that exposure to high doses of radiation may not only inhibit the generation 

3 The AST measures attention and cognitive flexibility in rats. It is based on the intradimensional/
extradimensional component of the Cambridge Neuropsychological Test Automated Battery 
(CANTAB), which is used to assess cognitive dysfunction in humans. An attentional set is created 
when a person learns that a set of rules can be used to distinguish between relevant and irrelevant 
cues.
4 Neurogenesis is a  term that describes the  formation of neurons. In adults, this process occurs 
in the subventricular zone (SVZ) and the subgranular zone of the brain. Scientists are still research-
ing the role that neurogenesis plays in cognition. Since the formation of neurons may be sensitive 
to radiation, it is possible that long-term exposure may result in cognitive deficits.

Table 2.2  Disadvantages of rodent models and advantages of NHP comparisons for human 
radiation risk assessment [6]

(a) �Disadvantages of using rodents for investigating biological mechanisms of human radiation 
risk assessment

    • Drastically reduced numbers of neuron cells and synapses compared to humans or NHPs
    • Much higher levels of neurogenesis compared to humans or NHPs
    • Reduced axon size and number of synapses compared to humans and NHPs
    • �Reduced pre-frontal cortex size and drastically reduced development of frontal lobe where 

higher cognition occurs (neocortex is 27% in rats, 72% in monkeys, 80% in humans)
    • �Performance and cognition tests limited compared to human abilities including inability to 

respond to visual cues
    • Manifestations of pathology of Alzheimer’s disease and other late effects extremely limited
    • Genetic overlap of the rodent CNS with human CNS is small (20 vs. >80% in NHP)
(b) Advantages of using NHPs to estimate GCR risks
    • High level of genetic overlap
    • �Developed neocortex, including more similar levels of neurons, synapses, and rates of 

neurogenesis
    • NHPs have complex visual behavior, which is not found in rodents
    • �NHPs have been shown to contain mirror neurons in the pre-frontal cortex that are specific 

to a particular action, and part of a brain network. Mirror neurons are not believed to exist in 
rodents

    • NHPs develop plaques/pathological lesions observed in Alzheimer’s
    • �NHP share many common features related to memory and cognition with humans that are 

not found in rodents
    • �NHPs can be trained for identical cognitive testing including responding to visual cues that 

are used in human studies making translation of results immediately analyzable

Altered Neurogenesis
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of neuronal progenitor cells but that those cells that are generated may not be fully 
functional [12]. These studies were conducted on mice using doses of 1000 MeV/u 
[13], which provides some insight into the mechanism of radiation-induced cognitive 
injury, but for reasons indicated earlier, scaling these results to humans is limited.

�Oxidative Damage

Oxidative stress5 is thought to be implicated in Alzheimer’s disease, heart failure, 
and chronic fatigue syndrome. Since radiation has been shown to increase oxidative 
damage [14, 15], oxidative stress represents yet another mechanism of radiation-
induced cognitive injury. Since antioxidants prevents such damage under normal 
conditions it would seem logical to suggest that astronauts eat food that contain high 
levels of antioxidants. For example, a diet high in blueberries and strawberries 
should help offset oxidative stress. Or melatonin perhaps? Melatonin has high anti-
oxidant properties, and studies have shown that it inhibits neurogenesis [16]. The 
problem with the research to date is that studies have used high dose rates and the 
biological effects of radiation are different at low dose-rates. Furthermore, studies 
that have investigated the supposed beneficial effects of antioxidants [17] found no 
evidence that supplementation actually works. In fact, some studies revealed that 
antioxidants such as vitamin A, vitamin E and β-carotene might actually be more 
damaging because taking extra amounts of antioxidants would help the body rescue 
cells that had been damaged by radiation and that this might alter DNA repair:

This study shows for the first time that exposure to radiation levels equivalent to a mission 
to Mars could produce cognitive problems and speed up changes in the brain that are asso-
ciated with Alzheimer’s disease. These findings clearly suggest that exposure to radiation in 
space has the potential to accelerate the development of Alzheimer’s disease. This is yet 
another factor that NASA, which is clearly concerned about the health risks to its astro-
nauts, will need to take into account as it plans future missions.

—Dr. Kerry O’Banion, University of Rochester Medical Center

�Alzheimer’s Disease

Alzheimer’s disease is a neurodegenerative disease that causes dementia in most 
cases. Common symptoms include short-term memory loss, language problems, 
disorientation, lack of motivation, and behavioral problems (Fig. 2.4). The disease, 
which is chronic, begins slowly and symptoms become worse with time. The cause 

5 Oxidative stress is a term that describes the imbalance between the production of free radicals 
and the ability of the body to neutralize these free radicals through the use of antioxidants. Free 
radicals are molecules that contain oxygen. These molecules have one or more unpaired electrons, 
which means they are very reactive with other molecules which in turn means they are capable 
of chemically interacting with and destabilizing cells such as DNA. Under normal conditions, anti-
oxidants prevent these reactions.
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of the disease is not completely understood, but the majority of the risk is believed 
to be genetic. There are no treatments that can stop the disease or even slow its pro-
gression. It has been shown in mice that exposure to radiation accelerates the onset 
of age-related neuronal dysfunction that results in symptoms similar to those exhib-
ited by those suffering from Alzheimer’s [18–20].

Some of the most popularized results showing the link between radiation expo-
sure and Alzheimer’s pathologies have been those conducted by Dr. O’Banion’s 
laboratory [21]. In one study mice were that were subjected to 1000 MeV/u for 
6 months showed decreased cognitive ability [21]: As quoted earlier, “Because iron 
particles pack a bigger wallop, it is extremely difficult from an engineering perspec-
tive to effectively shield against them. One would have to essentially wrap a space-
craft in a 6-foot block of lead or concrete.”

�Radiation-Induced Bone Loss

Another process affected by radiation is bone remodeling (boxed text). In zero grav-
ity or reduced gravity, bone remodeling is disrupted, resulting in a loss of bone 
mineral density (BMD). Astronauts on board the International Space Station (ISS) 
typically lose between 1.0 and 1.2% of BMD per month (Fig. 2.5). This equates to 
an overall loss of more than 7% during a typical 6-month increment, which in turn 
results in a two- to threefold increase in fracture risk. For astronauts in low Earth 
orbit (LEO), this rate of BMD loss is fairly predictable, but beyond LEO, the radia-
tion environment is much harsher and the rate of BMD loss less predictable. This is 
because bone is damaged more by higher doses of radiation, a fact long documented 

Fig. 2.4  Research has 
revealed that long-term 
exposure to the deep space 
radiation environment may 
lead to delayed onset of 
Alzheimer’s symptoms. 
(Image courtesy of 
Collective Evolution)
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by the persistent decline in bone volume following exposure to therapeutic radiation 
in cancer patients [22–24].

Compounding the effect of osteoradionecrosis is the effect that radiation has on 
fracture sites [25]. To better understand this it is necessary to familiarize ourselves 
with the biological damage caused by radiation. Remember, there are two types of 

Bone Remodeling
On Earth, bone undergoes a process of constant remodeling thanks to the 
actions of two types of bone cells. The osteoclasts break down bone and the 
osteoblasts build up bone. This process is continuous thanks to the trigger of 
constant loading that occurs when walking or running around in a one G envi-
ronment. But when astronauts enter zero gravity, BMD is lost due to skeletal 
unloading. This mechanism is characterized by an increase in bone resorption 
and a decrease in bone formation.

Fig. 2.5  As the slide explains, bone loss is a major occupational hazard among spacefarers, but 
being exposed to high levels of radiation makes the situation worse because radiation exposure 
accelerates bone loss. (Image courtesy of NASA)
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radiation—non-ionizing and ionizing. Non-ionizing radiation does not cause sig-
nificant biological damage because it does not displace electrons from an atom. 
Ionizing radiation on the other hand has sufficient energy to displace electrons from 
an atom, thereby creating an ionization event. The energy of this ionization event 
can break molecular bonds and thereby cause biological damage such as single 
strand or double strand breaks in DNA (Fig. 2.6). Although the body is tremen-
dously resilient in its capacity to repair radiation damage, some cells ultimately die 
in this onslaught of ionizing radiation. Worse, some cells may actually propagate 
the ionized-induced damage to progeny.

We already know that the space radiation environment comprises a mix of ions 
generated by SPEs and GCR. We also know that, thanks to the data sent back from 
the RAD strapped onto the Curiosity rover, the transit to Mars will result in a radia-
tion exposure of more than 3 Sieverts. This means that tissue-dose rates from space 
radiation will be about 1–2.5 mSv per day (the annual terrestrial dose, incidentally), 
but solar flare dose-rates may increase this number to more than 100 mSv/day, even 
if inside a shielded vehicle. Furthermore, an astronaut conducting a deep space EVA 
during a solar flare event may be exposed to a dose rate as high as 250 mSv per day. 
By comparison, cancer patients receive daily dose (fractions) of about 6 Sv targeted 
at the tumor, but these doses are delivered over a period of minutes [26, 27].

We have a fairly good understanding of these processes because ionizing radia-
tion has long been used as a treatment for malignancies (Fig. 2.7) and has been a 
factor in reducing cancer mortality. One of the main reasons bone mineral density is 
reduced following irradiation is because osteoblasts and osteoclasts are damaged. 

Fig. 2.6  The body has outstanding repair mechanisms, but it can only do so much. After each 
radiation strike, repairs become less effective. (Image courtesy of NASA)
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The osteoblasts and osteoclasts are two bone cells that work together to remodel 
bone; the osteoclasts break down bone and the osteoblasts build up bone. But when 
these bone cells are damaged, bone formation is impaired due to cell-cycle arrest. 
One of the processes by which the osteoclasts and osteoblasts are damaged is by 
oxidative stress caused by the radiation since it is this oxidative stress that damages 
osteoprogenitors. To begin with, irradiation causes an increase in osteoclast number, 
which thereby causes osteoporosis [28]. Shortly after exposure there is a decline in 
the number of osteoclasts and osteoblasts, which results in suppression of bone 
remodeling and degradation of bone quality.

However, the side effects of this treatment have concerned oncologists and will 
be of concern to flight surgeons responsible for the health of astronauts embarked 
on exploration class missions (ECM) beyond LEO. This is because bones within the 
irradiated area are at a much higher fracture risk [29, 30]. For example, patients 
undergoing breast cancer treatment may have rib fracture rates that exceed 15%. 
This is of concern to astronauts on long duration missions because their bones will 
already be weakened due to the loss of BMD simply as a consequence of being in 
microgravity. Thus, these astronauts may be at high risk of traumatic and/or sponta-
neous fracture [31]. But what levels of radiation exposure cause these problems? 
Well, studies using ECM-relevant radiation [30] have revealed that whole-body 
exposure to 2 Gy can cause a reduction in trabecular bone quality, while bone loss 
can persist for as long as 4 months following exposure to irradiation as low as 1 Gy. 
Similar studies also revealed that functional bone loss can be detected after just 
three days following exposure to 2 Gy.

As is evident from these research findings, the effects of radiation result in a 
cascade of changes. In addition to the reduction in bone mineral density and the 
impact on healing, the way in which bone is weakened will be of concern to flight 
surgeons tasked with keeping ECM crewmembers fracture-free. For example, the 
loss of trabecular bone means cortical bone must now deal with a greater proportion 

Fig. 2.7  If genetic material is damaged repeatedly, tumors may occur. (Image courtesy of Toma 
Biosciences)
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of loads on the skeleton. This in turn means that cortical bone will be increasingly 
less able to resist the torsional and bending loads, a change that may be exacerbated 
by any defect in the bone such as a porous hole. The net effect of all these radiation-
induced effects is an overall disruption of load distribution that results in a compro-
mised structural integrity of the bone (Fig. 2.8). For astronauts about to land on 
Mars, this is not an optimum situation. It is important to remember that after their 
ISS increments, astronauts return to Earth with increased fracture risk but that this 
doesn’t mean a fracture is imminent. It just means that due to the loss of BMD, there 
is a greater chance of fracture after their return. But this increased fracture risk is 
dramatically reduced thanks to the rehabilitation schedule that astronauts follow 
after their return to Earth, which results in regeneration of bone. On Mars there will 
be limited regeneration.

�Osteitis and Osteoradionecrosis

Radiation-induced bone loss is termed osteitis, whereas osteoradionecrosis is a con-
dition in which the bone’s ability to withstand trauma is reduced. In this condition, 
non-healing bone may be susceptible to infection, and the ability of the bone to heal 
is further complicated by hypovascularization. Basically, as the body is subjected to 

Fig. 2.8  External fixation. 
The means to treat even 
simple fractures will 
probably exceed the 
medical capabilities of 
exploration class 
spacecraft. (Image courtesy 
of Ashish j29)
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more and more radiation, the very small blood vessels inside the bone are destroyed. 
This is devastating because it is these blood vessels that carry nutrients and oxygen 
to the bone. Without blood vessels to do this, the bone simply dies. On Earth, one 
treatment option for patients with osteoradionecrosis is hyperbaric oxygen therapy 
(although even with this treatment, less than 30% of patients will survive), but this 
will not be an option on an interplanetary spaceship.

Weakened bone. Increased fracture risk. Radiation-induced bone loss. These are 
all critical mission concerns that will require flight surgeons to include ‘bone com-
plications’ as part of the exploration mission treatment planning process. For exam-
ple, flight surgeons will need to consider at-risk bone volumes as a critical concern 
and plan accordingly. Likewise, the increased suppression of bone formation lead-
ing to compromised bone strength will require a rethinking of the medical capabili-
ties on board the Mars-bound spacecraft. An external fixation kit perhaps? Hopefully 
that won’t be required if research can more accurately elucidate the dose thresholds 
for deep space missions. This will require studies that consider the effects of a range 
of GCR species and energies across the timeframe of an exploration mission.
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Chapter 3
Setting Acceptable Risk Levels  
for Astronauts

The permissible exposure levels (PELs) for radiation exposure that NASA sets for 
its astronauts are meant to prevent inflight risks and to limit risk to a level that is 
acceptable from an ethical, moral, and financial standpoint. In the 1960s and 1970s, 
PELs were set based on recommendations made by the National Academy of 
Sciences. In the 1980s, more data on radiation exposure had been accumulated, and 
NASA asked the National Council on Radiation Protection (NCRP) to re-assess the 
dose limits for astronauts working in LEO. This re-assessment culminated in the 
NCRP Report No. 98, published in 1989, which recommended age and gender 
career dose limits that applied a 3% increase in cancer mortality as a risk limit.

NCRP Report No. 98 was followed by revisions to the acceptable level of radia-
tion risk in LEO in NCRP reports published in 1997 and 2000 [1, 2]. The astronaut 
risk level of a 3%1 increase risk in cancer over a lifetime is similar to the risk level 
applied to workers in nuclear facilities. The difference is that the radiation doses 
that nuclear workers are exposed to correspond to a lifetime of exposure to rela-
tively low radiation doses compared with the exposure limit in LEO. For example, 
radiation workers in nuclear reactors rarely approach an annual average exposure 
of 2 mSv. This is significantly below the effective dose of 80 mSv astronauts are 
exposed to during a six-month increment on board the International Space Station 
(ISS, Figs. 3.1 and 3.2). The point is that ground workers are exposed to chronic 
exposure at low levels (compared with radiation levels in LEO) of radiation over a 
long period of time, whereas astronauts are exposed both chronic and acute 
radiation.

1 There are many approaches to setting acceptable risk levels. One is to set an unlimited risk level, 
but this would not be popular with astronauts or their families. Another option is to base risk on 
life-loss from radiation-induced cancer against cancer deaths in the general population. The cur-
rent method uses the reference point of a ground-based radiation worker.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74615-9_3&domain=pdf
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Fig. 3.1  Astronauts performing spacewalks are particularly susceptible to the effects of radiation. 
(Image courtesy of NASA)

Fig. 3.2  European Space Agency astronaut Alexander Gerst looking through the cupola. (Image 
courtesy of NASA)
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�Permissible Exposure Limits

NASA’s PELs take into account a number of factors, including age, gender, latency 
effects, differences in tissue types and differences in lifespan between genders [3, 4]. 
When all these factors are considered, a risk projection calculation can be made, and 
a risk of exposure induced death (REID) from fatal cancer can be made (Table 3.1).

Another limit that NASA applies is one for non-cancer effects. For example, 
radiation exposure may also cause prodromal effects such as nausea and fatigue, 
and it may also cause heart disease, dementia, and central nervous system (CNS) 
damage. For dose limits for non-cancer effects, NASA calculates the relative 
biological effectiveness (RBE) factor to the major organs of the body as indicated 
in Tables 3.2 and 3.3.

Other space agencies such as ESA and the Russian Space Agency (Roscosmos) 
estimate dose limits based on data published by the International Commission on 
Radiological Protection (ICRP) [5]. Although these dose limits can be applied to 
LEO workers, there are no operationally approved dose limits for deep space, 
although estimates have been made for the risk astronauts will be subjected to when 
traveling to the Moon (Fig. 3.3) or Mars (Table 3.4).

Table 3.1  Theoretical dose limits for one-year missions based on 3% REIDa

E (mSv) for 3% REID (average life-loss per death [y])
Age at exposure Males Females

30 620 (15.7) 470 (15.7)
35 720 (15.4) 550 (15.3)
40 800 (15.0) 620 (14.7)
45 950 (14.2) 750 (14.0)
50 1150 (12.5) 920 (13.2)
55 1470 (11.5) 1120 (12.2)

aAdapted from: Radiation risk acceptability and limitations. Cucinotta F. (https://three.jsc.nasa.
gov/articles/AstronautRadLimitsFC.pdf). 12-21-2010

Table 3.2  Dose limits for short-term and career non-cancer effectsa

Organ 30-day limit 1 year limit Career limit

Lens 1000 mGy-Eqb 2000 mGy-Eq 4000 mGy-Eq
Skin 1500 3000 6000
Blood-forming organs 250 500 N/A
Heart 250 500 1000
Central nervous system 500 1000 1500

aAdapted from: Radiation Health Risk Projections Briefing to NAC HEOMD/SMD Joint 
Committee April 7, 2015
bMilli-Gray Equivalent. The Standard International (SI) unit of absorbed dose is the gray (Gy). 
One Gy is a measure of the absorption of one joule of radiation energy per kilogram. Note: The 
gray is different from the Sievert (Sv), which is the SI unit that represents the biological effect of 
radiation

Permissible Exposure Limits
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The numbers presented in Table 3.4 are not encouraging for space agencies hop-
ing to send astronauts to the Moon for lengthy stays or to Mars (Fig. 3.4). A lunar 
stay of 180 days results in an exposure of 170 mSv, which is twice that of a 180-day 
stay on board the ISS. But a roundtrip to Mars results in an exposure of more than 
1000 mSv, which exceeds NASA’s guidelines (Tables 3.5 and 3.6), which state that 
no astronaut should be exposed to more than this amount of radiation in a lifetime. 
To exceed this limit is to increase the risk of developing a fatal cancer by 5% or 
more. For astronauts embarking on such a trip, the accumulated radiation dose 
would be akin to getting a whole-body computer tomography (CT) scan every 5 

Fig. 3.3  ESA’s Lunar Village. (Image courtesy of ESA)

Table 3.3  Tissue weighting factor calculated by attributing an estimate for a tissue’s contribution 
to cancer

Organ Tissue weighting factor Organ Tissue weighting factor

Gonads 0.20 Liver 0.05
Bone marrow (red) 0.12 Esophagus 0.05
Colon 0.12 Thyroid 0.05
Lung 0.12 Skin 0.01
Stomach 0.12 Bone surface 0.01
Bladder 0.05 Remainder 0.05
Breast 0.05 Adrenals, brain, intestine, kidney, muscle, 

spleen
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Table 3.4  Calculation of %-REID from fatal cancer for lunar or Mars missions at solar minimum 
behind a 5-g/cm2 aluminum shielda

Mission type
E (Sv)
%-REID

Males (40 years old)
Lunar (180 days) 0.17 0.68
Mars swingby (600 days) 1.03 4.0
Mars exploration (1000 days) 1.07 4.2
Females (40 years old)
Lunar (180 days) 0.17 0.82
Mars swingby (600 days) 1.03 4.9
Mars exploration (1000 days) 1.07 5.1

The effective dose, E is averaged over tissues susceptible to cancer risk
aAdapted from Cucinotta and Durante, 2006

Fig. 3.4  Astronauts 
traveling to Mars will be 
exposed to radiation levels 
beyond the career 
thresholds set by space 
agencies. (Image courtesy 
of NASA)

days [6, 7]. Also, exposure to more than 1000 mSv would not amount to a ‘mea-
sured dose’ (i.e., over a lifetime) because crewmembers would receive this amount 
in less than three years. Being exposed to such a large amount of radiation in such a 
short period of time would result in changes at the cellular level and possibly mild 
acute radiation syndrome symptoms.

Permissible Exposure Limits
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�The ALARA and AHARS Principles

Although NASA may be able to reduce the amount of radiation exposure by extra 
shielding, another option might be to apply a different risk strategy [8–10]. 
Traditionally, the agency has applied the maxim of As Low As Reasonably 
Achievable (ALARA) when it comes to exposing astronauts to radiation. Another 
option may be to change this principle to As High as Relatively Safe (AHARS).

Since astronauts are exposed to so much radiation, they are classified as radiation 
workers. But because they are exposed to so much radiation, the amount of radiation 
that astronauts are exposed to exceeds all terrestrial limits. This is why the 
Occupational Safety and Health Administration (OSHA) gave NASA a waiver that 
gave the agency the green light to create its own guidelines, which have been out-
lined in this chapter. But even these very high limits will be exceeded during a 
roundtrip to Mars, which means the agency will probably need to grant exceptions, 
allowing NASA to put their astronauts at even greater risk. That risk may be reduced 
with the operation of faster propulsion systems such as VASIMR, or it may be 
reduced with better shielding (see Chap. 6). But until either or both of these tech-
nologies becomes available, radiation risk will remain an intractable problem.
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Table 3.5  Career exposure limits for NASA astronautsa

Age 25 35 45 55

Male (Sv) 1.50 2.50 3.25 4.00
Females (Sv) 1.00 1.75 2.50 3.00

aAn astronaut’s organ and career exposure limits are determined by age and gender. An average 
dose for an Earth-bound person is 0.0036 Sv, whereas someone who works in a nuclear power 
plant may be exposed to as much as 0.05 Sv per year without exceeding international standards. As 
you can see, the limit for astronauts is significantly higher

Table 3.6  Depth of radiation penetration and exposure limits for astronauts and public (Sv)

Exposure 
Interval

Blood-Forming Organs 
(5-cm depth)

Eyes (0.3-cm 
depth)

Skin (0.01-cm 
depth)

Astronauts 30 days 0.25 1.0 1.5
Annual 0.50 2.0 3.0
Career 1–4 4.0 6.0

General 
public

Annual 0.001 0.015 0.05
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Chapter 4
Space Radiation Analysis Group

The Space Radiation Analysis Group (SRAG), based at Johnson Space Center (JSC) 
in Houston, is responsible for ensuring that astronauts are not exposed to radiation 
levels above NASA’s established limits. To perform this function, the group of 
health physicists, programmers and contractors provides:

	1.	 Preflight astronaut exposure projections based on mission parameters.
	2.	 Real-time radiation protection support.
	3.	 Inflight radiation projections for extravehicular activity.
	4.	 Assessments of radiation-producing equipment carried on board spacecraft.
	5.	 Radiation monitoring instruments (Figs.  4.1 and 4.2) to measure radiation 

exposure and characterize the radiation environment inside and outside the 
spacecraft.

	6.	 Crew radiation exposure modeling capabilities.

To perform these tasks, the SRAG team consults the following publications1:

•	 Radiation Exposures in Space and the Potential of Central Nervous System 
Effects—Committee SC-1-24 Published: NCRP Commentary No. 23 (2014)

•	 Radiation Protection for Space Activities: Supplement to Previous 
Recommendations. NCRP Report No. 167 (2010)

•	 Potential Impact of Individual Genetic Susceptibility and Previous Radiation 
Exposure on Radiation Risk for Astronauts, NCRP Report No. 153 (2006)

•	 Information Needed to Make Radiation Protection Recommendations for Space 
Missions Beyond Low-Earth Orbit NCRP Report No. 142 (2002)

•	 Operational Radiation Safety Program for Astronauts in Low Earth Orbit: A 
Basic Framework, NCRP Report No. 132 (2000)—Current Basis of NASA Std 
3001 Limits Radiation Protection Guidance for Activities in Low-Earth Orbit

1 Briefing to NAC HEOMD/SMD Joint Committee April 7, 2015.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74615-9_4&domain=pdf
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�SRAG Console

SRAG’s console is located in the Mission Control Center, Houston. The personnel 
manning the console are responsible for:

	 1.	 Analyzing space weather (Fig. 4.3) data and forecasts.
	 2.	 Interfacing with NOAA to determine big picture space weather conditions.
	 3.	 Checking spacecraft status and crew schedules for scheduled and unscheduled 

EVAs.

Fig. 4.1  The Space Radiation Assessment Group monitors and tracks radiation exposure on 
board the ISS. (Image courtesy of NASA)

Fig. 4.2  SRAG (Image 
courtesy of NASA)
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	 4.	 Reporting crew radiation exposure status and space weather forecasts to the 
flight director.

	 5.	 Providing regular cumulative crew radiation exposure updates to the flight 
director.

	 6.	 Planning for contingency EVA support (Fig. 4.4).
	 7.	 Interfacing with flight controllers the day before scheduled EVAs.
	 8.	 Providing EVA radiation exposure analysis to Flight Surgeon.

Fig. 4.3  The Canadian Space Agency’s EVARM radiation monitor. (Image courtesy of CSA)

Fig. 4.4  Yihua Zheng and Antti Pulkkinen monitor space weather for Goddard’s Space Weather 
Center. (Image courtesy of NASA)

SRAG Console
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	 9.	 Providing Go/No Go recommendation for EVA.
	10.	 Monitoring space radiation in real-time.
	11.	 Receiving immediate notifications from NOAA of solar particle events (SPEs).
	12.	 Warning flight management of changes to space weather that may affect EVA 

operations.
	13.	 Analyzing radiation environment and make recommendations for continuing, 

delaying, or terminating EVAs.
	14.	 Monitoring ISS radiation data.

�SRAG Interfaces

To achieve these tasks, the SRAG interfaces with several entities as outlined in 
Fig. 4.5 below.

Via these interfaces, SRAG is able to develop a complete understanding of the 
following key parameters that affect astronaut exposure to radiation:

	1.	 Structure of the spacecraft
	2.	 Materials used to construct the vehicle
	3.	 Altitude and inclination of the spacecraft
	4.	 Status of outer zone electron belts
	5.	 The interplanetary proton flux

SRAG

Payload Operations

Conduct technology 
demonstrations of new 

radiation hardware.

Flight Surgeon

Evaluate EVAs for exposure
Maintain mission exposure 
trends
Advise flight management 
during SPEs

Flight Director

Notified of SPEs 
and exposure risk

International Partners

Data sharing
Alerting
Coordinate contingency response 

Crew
Ascan training
Pre/post-mission training
Flight hardware training
Risk communication

Operational Displays

Fig. 4.5  SRAG interfaces. (Image courtesy of NASA)
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	6.	 Geomagnetic field conditions
	7.	 Solar cycle position
	8.	 EVA start time and duration.

�Radiological Support

To provide radiological support, SRAG mans the radiation consoles in the MCC 4 h 
every day during nominal space weather conditions, continuously during significant 
weather activity, and whenever astronauts conduct spacewalks. Data received from 
NOAA’s space weather satellites and the Space Environment Center (SEC) is moni-
tored and examined by SRAG team members to detect trends that might lead to signifi-
cant space weather and also to develop better forecasting of such weather. If significant 
space weather does occur, the SRAG team may recommend rescheduling EVAs and, 
if the weather looks like it might lead to significant increased radiation exposure levels, 
the team may recommend that astronauts seek the best shielded areas in the ISS.

To support mission planning, which is another of the SRAG team’s tasks, the 
team utilizes a suite of tools that include time-resolved models of Earth’s magnetic 
field and trajectory propagator algorithms. Data from these and other tools are inte-
grated with mission data such as the inclination of the spacecraft and the timing of 
spacewalks to accurately characterize crew radiation exposure. The SRAG team’s 
mandate also extends to any equipment that produces radiation, so any investigator 
who wants to fly a radioactive isotope on board the ISS must first meet the SRAG 
team’s review. This review assesses the internal and external dose rates astronauts 
might receive based on their likely proximity to the isotope and also reviews pro-
posed containment and decontamination procedures.

�Radiation Instruments

SRAG has access to a suite of instruments on board the ISS that monitor the radia-
tion environment, one of which is the Tissue Equivalent Proportional Counter 
(TEPC).

�Tissue Equivalent Proportional Counter

The TEPC (Fig. 4.6) is an automatic dosimetry system that is comprised of a spec-
trometer and a detector unit, which together collect a record of the ISS radiation 
environment and develops exposure history records for each astronaut [1, 2]. The 
detector unit, which is omni-directional, is surrounded by tissue equivalent plastic 
and propane gas, which provides an energy deposition that is almost the same as 
human tissue, or more specifically an approximation of cell wall and cell body. If 
the crew wants to read their current radiation exposure level or their incremental 

Radiation Instruments
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dose, all they need to do is read the display. When the TEPC is powered on it is in 
either ‘standby’ or ‘acquire’ mode. In the ‘standby’ mode, the TEPC can download 
data (which is sent to SRAG personnel), whereas in the ‘acquire’ mode the TEPC is 
collecting data. The unit also has an alarm capability that informs the crew and the 
ground if predetermined radiation levels are exceeded.

�Charged Particle Directional Spectrometer

The Charged Particle Directional Spectrometer (CPDS) measures the charge, 
energy, and direction of a radiation particle as it passes through the detectors embed-
ded in the instrument [3, 4]. Inside the CPDS (see also Chap. 5) are 13 detectors 
arranged in a stack as follows:

	1.	 A-1 and A-2 detectors. There are three A-1 and three A-2 1-mm thick silicon 
detectors and their function is to record the passage of a charged particle through 
the CPDS.

	2.	 Position sensitive detectors (PSDs). There are three of these 0.3-mm thick sili-
con detectors arranged in 24 horizontal and 24 vertical 1-mm strips. This arrange-
ment is designed so the unit can track and record the x and y coordinates of a 
radiation particle as it travels along the z axis.

	3.	 B-detectors. There are three of these 5-mm thick lithium-silicon detectors.
	4.	 Cerenkov or C-detector. This detector comprises a 1-cm thick crystal sapphire 

detector combined with a photo-multiplier tube. The photo-multiplier tube gath-
ers light, which in turn provides information about particle velocity.

Fig. 4.6  The ISS IV-TEPC. (Image courtesy of NASA)
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Perhaps the easiest way to understand how the CPDS functions is to think of it as 
a telescope. Four of these units are used on board the ISS, each with specific func-
tions as follows:

•	 (1 unit) Intra-vehicular Charged Particle Directional Spectrometer (IV-CPDS) is 
used inside the ISS to display real-time calculations of dose rate for 
crewmembers.

•	 (3 units) Extra-vehicular Charged Particle Directional Spectrometer (EV-CPDS). 
These are used outside the ISS for the purpose of characterizing the radiation 
environment during spacewalks [5, 6].

�Radiation Area Monitor

The Radiation Area Monitor (RAM) comprises a group of thermoluminescent 
detectors (TLDs) surrounded by Lexan, a material that responds to radiation by 
electronic excitation of the TLD materials [7, 8]. The monitor is just one of many 
prepared by the SRAG team. After return of the monitors, SRAG personnel working 
in the Radiation Dosimetry Lab analyze the data before submitting reports to the 
Flight Surgeon and the Space Radiation Health Officer. The data from the reports 
are then logged in the astronaut’s health record and can be referred to for determin-
ing future flight eligibility.

�Space Radiation Health Officer

One key member of the SRAG is the Space Radiation Health Officer (SRHO), 
whose job it is to interface with various directorates and research programs to pro-
vide the very best radiation assessment to the Chief Medical Officer (CMO), NASA 
Senior Management, and of course the crew. One of the SRHO’s tasks in fulfilling 
this role is to keep up-to-date with research, especially research conducted within 
the realm of the Space Radiation Element of NASA’s Human Research Program 
(HRP). The SRHO also interfaces with the Science Mission Directorate, which pro-
vides up-to-date information regarding the current radiation environment, the latest 
dosimetry measurements, and modeling of the radiation environment.

In support of the crew, the SRHO is responsible for inputting crew radiation data 
into the Lifetime Surveillance of Astronaut Health (LSAH)2 record. The SRHO also 
draws upon outside expertise such as the National Council on Radiation Protection 
and Measurements (NCRP), the U.  N. Scientific Committee on the Effects of 

2 The LSAH is a proactive occupational epidemiologically based health program for astronauts that 
screens and monitors crews for injury and/or disease related to their occupation. The program 
defines risks associated with the exposures encountered by astronauts, and using this data it refines 
follow-up medical examinations to capture sub-clinical medical events. The system helps detect 
potential health problems early and thereby help prevent progression to more serious disease.

Space Radiation Health Officer
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Atomic Radiation (UNSCEAR), the International Commission on Radiological 
Protection (ICRP), the Radiation Effects Research Foundation (RERF), and the 
National Cancer Institute (NCR).

�Radiation Risk

One of the SRAG team’s tasks involves working with NASA to update the agency’s 
Space Cancer Risk model (NSCR), which the team does by consulting data logged 
by the various radiation monitors [9]. The NSCR (Fig. 4.7) is a tool that:

	1.	 Helps NASA estimate crew radiation risks during ISS missions.
	2.	 Provides radiation data that can be used to estimate radiation risks during 

Exploration Class missions.
	3.	 Helps NASA calculate the increase risk of cancer in the astronaut corps.
	4.	 Provides NASA with up-to-date characterization of the GCR environment.
	5.	 Provides age and gender specific radiation risks (Table 4.1).

For example, to consider gender effects, the SRAG team consults research 
(Table  4.2) that has investigated gender-specific differences and uses data from 
these studies to make an estimate of the relative risk for astronauts. For example, the 
SRAG team is able to use this data to make an estimate of the individual organ and 
tissue contributions to cancer risk for astronauts while on orbit (Table 4.3).

Fig. 4.7  Orion spacecraft. (Image courtesy of NASA)
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Table 4.1  NASA radiation risk prediction modela

Epidemiological Terrestrial research Space radiation research

• �BEIR—biological effects of 
ionizing radiation

• �NIH/NCI—terrestrial 
cancer research

• �Human research program

• �UNSCEAR—U. N. scientific 
committee on the effects of atomic 
radiation

• �DOE/DOD/DARPA—
radiation effects 
research

• �Space radiation focused 
research

• �RERF—radiation effects research 
foundation

• �International research 
activities

• �Utilizes animal models with 
simulated space environment

aF. A. Cucinotta, L. Chappell, M. Y. Kim. Space radiation cancer risk projections and uncertain-
ties – 2012. NASA/TP-2013-217375. 2013

Table 4.2  Sex-specific differences in the excess relative risk (ERR) per gray for major cancersa

Cancer type
ERR Gy−1 (averaged over both 
sexes)b

Female to Male Ratio (sex-specific ERR Gy−1 
estimates)

All solid 
cancers

0.42 2.1c

Esophagus 0.60 4.3
Stomach 0.33 3.7
Colon 0.34 1.4
Liver 0.38 1.6
Gallbladder 0.48 0.43
Lung 0.75 2.7
Bladder 1.19 1.7

aAdapted from [10]
bThe sex-averaged ERR Gy−1 is shown for subjects at the age of 70 year after exposure at 30 year
cA ratio of 2:1 can be interpreted as females having a risk of radiation induced cancer death that is 
2.1 times that of males

Table 4.3  Individual organ and tissue contributions to cancer risk for astronauts at mid mission 
aged 47 years (solar minimum)

Males Females

Lung (>20%) Lung (>35%)
BFO (leukemia)
Colon
Stomach
Bladder
Liver
Remainder Organs
Prostate
Esophagus
Brain
Oral mucosa
Skin
Testes
Thyroid

Stomach
BFO (leukemia)
Colon
Ovarian
Breast
Remainder organs
Liver
Bladder
Brain
Esophagus
Uterus/cervix
Oral mucosa
Skin
Thyroid

Radiation Risk



46

�Protecting Crews During Solar Particle Events

The SRAG team is also involved in monitoring SPE activity and providing recom-
mendations based on the SPE threat and potential impacts to mission management 
and the flight surgeon. Most of the information concerning SPE activity is obtained 
from a combination of data streamed from current assets, environmental assessment 
and solar state. In the event of an SPE, the radiation flight controller returns to his/
her console in the mission control room and alerts the management and flight con-
trol team to ensure that the radiation monitoring system is available. If, after analy-
sis of the data, the dose projection is considered negligible, no action is taken. But, 
if the SPE exceeds the NASA threshold, the crew is informed and is instructed to 
take cover in the more highly shielded areas of the ISS such as the service module, 
Node 2 crew quarters, and the U. S. lab.

�Protecting Deep Space Crews

NASA’s next manned vehicle will be the Orion, also known as the Multi-Purpose 
Crew Vehicle (MPCV). This vehicle will eventually ferry crews to destinations 
beyond Earth orbit and will therefore need to protect crews from the deep space 
environment. To obtain data on this environment the SRAG team performed radia-
tion measurements during the Orion EFT-1 Mission, launched December 5, 2014. 
The EFT-1 trajectory included one low altitude orbit and one high altitude orbit that 
reached an altitude of almost 6000 km. While flying this profile, the Orion MPCV 
transited regions of intense proton and electrons, details of which were relayed to 
SRAG thanks to an independent radiation detector and a suite of optically and ther-
mally stimulated luminescence detectors that were fitted into the vehicle.
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Chapter 5
Radiation Dosimetry and Detection

Radiation monitoring on board the International Space Station (ISS) is conducted to 
gather, analyze and characterize the radiation environment to better ensure crew 
health [1–3]. And thanks to careful consideration of radiation effects, the station 
does a very good job of protecting the crew. But given that astronauts are exposed 
to about 80 times the terrestrial radiation dose, radiation exposure still remains a 
limiting effect on an astronaut’s career, which is why it is important to accurately 
monitor exposure as closely as possible.

�Operations

To protect ISS crews from the effects of radiation, space agencies are guided by the 
ISS Medical Operations Requirement Document (MORD). The MORD identifies 
radiation exposure monitoring requirements as follows:

	1.	 Radiation doses absorbed by human tissue
	2.	 Charged particles and neutron radiation inside the ISS
	3.	 Charged particles outside the ISS during spacewalks.

To quantify the station’s internal and external radiation, NASA1 has installed 
various active and passive radiation instruments to measure and document each 
astronauts’ radiation exposure. In addition to the passive and active radiation instru-
ments, each astronaut is provided with a dosimeter that serves as the dosimeter of 
record [4, 5]. The data from each astronauts’ dosimeter, when combined with data 
from internal and external dosimeters, provides an accurate characterization of the 
radiation environment

1 Career radiation exposures of astronauts are tracked by a NASA radiation specialist who logs 
radiation exposures for each astronaut in a document known as the Astronaut Annual Radiation 
Exposure Report.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74615-9_5&domain=pdf
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�Exposure Limits

Terrestrial exposure limits (see Chap. 3) are much too restrictive if applied to the 
space environment. So space agencies have adopted recommendations made by the 
National Council on Radiation Protection (NCRP) that sets a career limit at a three 
percent Risk of Exposure-Induced Death (REID) from cancer. But how does this 
number compare with the incidence of cancer in the general population? Well, here 
on Earth, the risk of developing and dying from cancer is about 20%, which means 
about 20 people out of 100 will die from cancer. But if you happen to be an astro-
naut then that risk increases by three percent which means 23 astronauts out of 
every 100 astronauts may die [6].

�Passive Dosimetry

One way of measuring and tracking radiation is to use passive dosimeters. These are 
placed at fixed locations around the ISS inside the pressurized modules. The infor-
mation from these dosimeters provides the ground with information about those 
locations where the exposure rate is high. This information can then be used to re-
evaluate the amount of time each astronaut spends in each module [3].

�Passive Radiation Dosimeter

Passive Radiation Dosimeters (PRDs) are also known as Radiation Area Monitors 
(RAMs). Each RAM (Figs.  5.1 and 5.2) comprises a set of thermoluminescent 
detectors (TLDs) surrounded by Lexan. The material reacts to radiation by means 

Fig. 5.1  A Canadian 
Space Agency radiation 
dosimeter used during 
spacewalks. (Image 
courtesy of CSA)
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of excitation of the materials that make up the TLDs. TLDs comprise lithium fluo-
ride or calcium fluoride embedded in a solid crystal structure. When the TLD is 
exposed to radiation, the radiation interacts with the crystal. Some of the atoms in 
the crystal absorb the energy and become ionized. This generates free electrons and 
heating of the crystal which causes the material to vibrate which in turn releases the 
electrons. When the electrons return to their original pre-ionized state they release 
the stored energy which appears as light. This light is measured using special pho-
tomultiplier tubes and the amount of light—the ‘glow curve’—released is propor-
tional to the amount of radiation that struck the crystal [3, 4, 7].

�Crew Passive Dosimeter

Crew Passive Dosimeters (CPDs) are provided to each astronaut. Apart from sport-
ing a different label, the CPDs (Fig. 5.3) are exactly the same as the RAMs. They 
are worn by the astronauts throughout the mission, including spacewalks.

�Active Dosimetry

Active radiation monitors provide data to the ground that is used together with the 
data provided by the CPDs to generate high dose rate and low dose rate areas inside 
the station [4, 8, 9]. These measurements also help the ground to reduce uncertainty 

Fig. 5.2  View of radiation area monitor (RAM), dosimeter. (Image courtesy of NASA)
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when calculating risk assessments for the crew, which is done by evaluating the fol-
lowing metrics:

	1.	 Linear Energy Transfer spectra inside the ISS
	2.	 Mass distribution
	3.	 Space weather conditions
	4.	 Stage of the solar cycle
	5.	 CPD data
	6.	 RAM data

�Tissue Equivalent Proportional Counter

The Tissue Equivalent Proportional Counter (TEPC) uses gas to measure the dose 
of radiation. The function of the TEPC (Fig. 5.4) is to develop an exposure history 
of the crew during their stay on station. It does this by collecting data by making 
spectral measurements of the energy loss of radiation as the radiation passes through 
the detector volume. Inside the TEPC is an omni-directional detector encased in 
tissue-equivalent plastic similar to that used in the Matroshka Human Phantom [10], 
discussed later in this chapter. Also inside the TEPC is propane gas that, combined 
with the plastic, provides an energy deposition effect similar to human tissue. The 
way this energy deposition response is achieved is thanks to the propane gas which 

Fig. 5.3  EXPRESS Rack 5 with the intravehicular charged particle directional spectrometer 
(IV-CPDS) (gold box in left field of view), Tissue equivalent proportional counter (TEPC) radia-
tion detector (gold cylinder) and upper storage compartments visible. EXPRESS Rack 5 is in the 
Destiny/U.S. laboratory. Image taken during Expedition 9. (Image courtesy of NASA)
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is kept at very low pressure. This means that the radiation passing through the detec-
tor gas passes through with similar linear energy loss as a human cell. This informa-
tion is then stored inside a 512-channel spectrometer that is presented to the crew 
via an electronic display that displays total dose, total dose equivalent and incre-
mental dose. The TEPC also downlinks information to the ground for analysis. The 
TEPC became operational in 2000 and as of 2017 it is still functioning (there is one 
active and one spare unit on board the ISS).

�Charged Particle Directional Spectrometer

The Charged Particle Directional Spectrometer (CPDS) monitors the internal radia-
tion environment of the ISS using a Cerenkov Detector. The Cerenkov Detector 
works by measuring Cerenkov light. The principle by which the detector works is as 
follows. A particle that passes through material (in this case a 12-element silicon 
stack) at a speed faster than the speed at which light can pass through the material 
emits light. An analogy is the sonic boom generated by an aircraft moving through 
the air faster than the sound waves can move through the air. In the case of the 
Cerenkov Detector, the amount of radiation can be calculated if the angle and direc-
tion of light is known. Three CPDS systems have been deployed externally: EV1-
CPDS and EV3-CPDS were aligned with the +X and −X axis while EV2-CPDS was 
aligned with the −Z axis.

Fig. 5.4  Tissue equivalent proportional counter. (Image courtesy of NASA)

Active Dosimetry



54

�Intra-Vehicular TEPC

The Intra-vehicular TEPC (IV-TEPC) device measures radiation in near real time 
[8]. If the level of radiation exceeds pre-determined thresholds, the device signals a 
Caution and Warning (C&W) alarm. In such an event the crew would probably 
relocate to a higher shielded module. The unit itself is portable and comprises sev-
eral tissue equivalent radiation detectors constructed of material and gas that react 
to radiation in a similar way that human tissue does. The IV-TEPC provides the 
following capabilities [8]:

	1.	 Signal conditioning
	2.	 Data manipulation
	3.	 Storage
	4.	 Real-time telemetry
	5.	 Extended data download

The IV-TEPC was declared operational on board the ISS in March 2001. It failed 
in 2006 and has not been replaced.

�European Crew Personal Active Dosimeter

The European Crew Personal Active Dosimeter (Escaped) is a device that assesses 
radiation exposure of European astronauts (Figs. 5.5 and 5.6). The device comprises 
three main elements:

	1.	 Mobile Unit
Two silicon detector modules
Absorbed dose detector

	2.	 Personal Storage Device
TEPC
Internal Mobile Unit
Storage and charging capability for Mobile Unit
Local data analysis
Display of radiation data

Fig. 5.5  Wearable units of the new European crew personal active dosimeter—EuCPAD—system 
for active radiation monitoring of astronauts in orbit. (Image courtesy of NASA)
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	3.	 Ground Station Analysis Software
Calculates the dose equivalent based on spectroscopic data.

The Mobile Units (MUs) are battery driven and have a power and data interface 
with Columbus, where astronauts can access radiation data and where European 
Crew Active Dosimetry Activity is monitored in conjunction with the ground.

�PADLES

The Passive Dosimeter for Life-Science Experiments in Space (PADLES) is used to 
monitor radiation inside the Japanese Experiment Module (Kibo) (Fig.  5.7). Bio 
PADLES is used to measure the biological effects of radiation while Area PADLES 
is used to assess the personal exposure of each astronaut, and Free-Space PADLES 
measures the radiation environment outside Kibo. The key radiation sensitive mate-
rial inside the detectors is CR-39 plastic and the radiation measured by the dosim-
eters is published in JAXA’s PADLES database.2 Operationally, Free-Space 
PADLES is launched and returned via pressurized cargo on board the Cygnus or 
Dragon, packed inside a Crew Transfer Bag. On station, Free-Space PADLES is 

2 http://idb.exst.jaxa.jp/db_data/padles/NI005.html.

Fig. 5.6  EuCPAD is comprised of wearable units plus a personal storage device (PSD) for battery 
charging and data transfer, similar in purpose to a smartphone charging station. (Image courtesy of 
NASA)

PADLES

http://idb.exst.jaxa.jp/db_data/padles/NI005.html
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installed on the Multi-Purpose Experiment Platform inside the JEM.  It is then 
moved outside the JEM via the JEM airlock and is grabbed by the JEM RMS robot 
arm which positions Free-Space PADLES on the exterior of the module.

�ISS Detectors

The ISS flies at an altitude of around 400 km. At this altitude, crews are provided 
with a safe space platform that is protected against most of the deleterious effects of 
ionizing radiation. Over the years of ISS operation, the best active dosimeters have 
proven to be those that provide Linear Energy Transfer (LET) data and tissue equiv-
alent proportional data (such as the TEPCs). Supporting the data provided by the 
dosimeters is a suite of detectors. Together, these dosimeters and detectors are used 
to provide a very accurate set of baseline data that allow scientists to benchmark risk 
assessments for long duration flights [9, 11]. As long as those flights occur in 
LEO. Beyond LEO? Well, that’s another story.

�R-16

This was one of the first radiation detectors to be used on board the ISS.

Fig. 5.7  Japanese astronaut Satoshi Furukawa holds the PADLES detector kit in the Unity 
module. (Image courtesy of NASA)

5  Radiation Dosimetry and Detection
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�DB-8

This detector, which features two independent sensors, was located in the Zvezda 
module in the early stages of ISS construction.

�Liulin

The Liulin system utilizes silicon detectors to measure deposited radiation energy 
[12–16]. Basically, the number of charged particles that hit the device converts to a 
dose rate. The first version (Liulin-E094) was first used on board the ISS in April 
2001 and was followed by a series of updated systems that were flown inside the ISS 
(Liulin ISS between September 2005 and June 2014 and Liulin-5, which was 
deployed between May 2007 to present) and outside the ISS (R3DE from February 
2008 to September 2009 and R3DR between March 2009 and August 2010).

�Alteino

This detector is also referred to as SilEye3. It made its first appearance on the Mir 
space station. The shoebox-sized system is comprised of a stack of eight silicon 
striped sensors measuring 80 × 80 × 0.38 mm and two plastic scintillators [17–19]. 
The orientation of the stack is configured to provide a set of three coordinates 
through which particles strike. This configuration allows for tracking the direction 
of particles.

�ALTEA

This is a system of six silicon telescopes similar to Alteino except for the scintilla-
tors. These detectors have been positioned in the U. S. lab in three axes and also in 
the Columbus module [20, 21]. The system downlinks data via real time telemetry.

�DosTel

This detector system is also based on silicon detectors. They are deployed in the 
Columbus module in the X and Y axes [22, 23].

ISS Detectors
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�TRITEL

This system is comprised of a set of three silicon telescopes configured in a three-
dimensional arrangement. The system has been deployed in the Columbus module 
(in the European Physiology Module rack TRITEL-SURE) on ISS since 2012.

�PAMELA

PAMELA is designed to study antimatter [24, 25]. To do this, scientists need infor-
mation about the particle charge, energy, and interaction of those particles with 
other particles. The system is comprised of a magnetic spectrometer, a sampling 
electromagnetic calorimeter made up of 44 silicon sensor layers, and a neutron 
detector.

�RAD

The RAD is not mounted anywhere on the ISS, and it will not find a place on any 
future manned spacecraft. It is mentioned here because the data generated by the 
RAD will be used to plan future manned missions beyond low Earth orbit. The 
detector was mounted on Curiosity during its transit to Mars, during which time it 
sent back data about the deep space radiation environment [26–29]. After landing, 
the system continued to provide detailed measurements of the surface radiation 
environment.

�Matroshka

Measuring radiation hazards in space—MATROSHKA—is an experiment spon-
sored by Roscosmos, ESA, and JAXA. It is comprised of a human phantom that 
measures the radiation astronauts are exposed to inside and outside the ISS [30–32]. 
The phantom is designed using human tissue-equivalent material and is filled with 
water and instrumented with a series of passive radiation detectors (Fig. 5.8).

The phantom is essentially a torso comprising 33 slices each of 2.5-cm thickness. 
Each slice houses thermoluminscent lithium fluoride detectors (about 4.5 mm in 
diameter) placed in plastic tubes. Thanks to the positioning of the TLDs inside the 
phantom it is possible for scientists to accurately determine the spatial distribution 
of radiation and thereby calculate the effective dose.

The key to the way radiation is measured is found inside the TLDs. Inside each 
detector is a lattice that traps free electrons created by radiation. The greater the 
radiation dose the greater the number of trapped electrons [10]. When exposed to 
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heat, the trapped electrons are released, emitting light, and it is this light that pro-
vides the index for radiation exposure: the greater the light the higher the propor-
tional radiation dose. Between 2004 and 2009 MATROSHKA was exposed to 
radiation on three occasions: two inside the Russian orbital segment and one outside 
the ISS. After crunching the numbers, scientists at the German Space Agency and 
the Technical University in Vienna revealed that individual dosimeters worn by 
astronauts inside ISS had overestimated radiation exposure by 15% compared with 
the actual dose measured inside MATROSHKA. The overestimation in space was 
more than 200%. 

We must remember that measurements within the MATROSHKA experiment were per-
formed at low Earth orbit where the Earth’s magnetosphere significantly reduces the num-
ber of charged particles from cosmic radiation. In interplanetary space there is no such 
shielding.

Dr. Bilski, a scientist who suggested that manned Mars missions may still be a 
risky proposition despite the lower than expected radiation levels measured on ISS.
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Chapter 6
Shielding

The space radiation environment will be a critical consideration for everything in the 
astronauts’ daily lives, both on the journeys between Earth and Mars and on the surface. 
You’re constantly being bombarded by some amount of radiation.

– Ruthan Lewis, architect and engineer at NASA’s Goddard Space Flight Center

August 7, 1972. An enormous flare explodes from the Sun, spewing out a burst 
of energetic particles. A Moonwalker caught in the storm would have been exposed 
to 400 rem. Not necessarily deadly, but enough to require a mission abort and an 
early return to Earth. Fortunately there were no astronauts on the surface of the 
Moon in August 1972. Apollo 16 had returned to Earth the previous month, and the 
crew of Apollo 17 was preparing for their mission that was due to take place in 
December that year [1]. Of course, an astronaut isn’t going to be wandering around 
on the Moon when a storm hits. They will be ensconced inside their base or space-
craft. If such an event had occurred during an Apollo mission the Apollo command 
module’s hull1 would have reduced the 400 rem to about 35–40 rem. Still enough of 
a dose to cause a headache and perhaps some nausea, but not sufficient to require a 
bone marrow transplant. Jonathan Pellish, space radiation engineer at Goddard, 
says: “There’s a lot of good science to be done on Mars, but a trip to interplanetary 
space carries more radiation risk than working in low-Earth orbit.”

In science fiction movies, the most dangerous threat to the crew is usually some 
form of alien life. And in most such movies these threats are usually pretty big. But 
in the real world of sending astronauts on deep space interplanetary missions 
(Figs. 6.1 and 6.2) the dangers are mostly invisible. Heavy elementary particles zip-
ping along through space and tearing through DNA is enough to give any astronaut 
serious concern [2, 3]. These cosmic rays present irreducible risks and are as deadly 
as any threat Hollywood can conjure up.

1 The Apollo Command Module’s hull provided 8 g/cm2 of radiation protection. The space shuttle 
had 11 g/cm2, and the International Space Station has up to 15 g/cm2 in its most shielded areas. In 
contrast, a spacesuit has only 0.25 g/cm2.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74615-9_6&domain=pdf
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Fig. 6.1  Shielding will be critical for those venturing beyond Earth orbit. (Image courtesy of 
NASA)

Fig. 6.2  Astronauts venturing to Mars will need shielding—a lot of it! (Image courtesy of Credit 
Inspiration Mars)
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Here on Earth, the sheer bulk of the atmosphere does a great job shielding us 
from the worst those shrapnel-like cosmic rays can inflict. Many miles above us, 
incoming protons are absorbed by the nuclei of air atoms. Particles and sub-particles 
disperse in a series of annihilating cycles until all that is left are some pions and 
mesons, some of which pass through our body. But at that stage, there is so little 
energy left in them—thanks to the weight of the atmosphere—that all they can do is 
produce a few ions.

Above the atmosphere and beyond low Earth orbit, the situation is different. In 
deep space, those same cosmic rays have nothing to disperse them, except space-
craft and the astronauts inside them. And once those heavy nuclei zip through the 
skin of the spacecraft and through the human body, the trail of damage is devastat-
ing—broken bonds, genetic material ripped apart, tissues permanently damaged [4, 
5]. The body has an extraordinary capacity for self-repair, so a week or month of 
this is survivable. But two or more years? No way. And we know this from studying 
the grave biological consequences of the unfortunate humans who have been 
exposed to intense bursts of radiation.

The Mars evangelists promote the fact that since some astronauts have spent six 
months in space, traveling to Mars should be a breeze. But astronauts on board the 
International Space Station (ISS) are shielded by Earth’s magnetic field. Solutions? 
Shielding perhaps? One shield suggested by those in the business of protecting 
astronauts during exploration class missions (ECMs) is a sphere of water. The only 
drawback is that such a system would weigh 400 tons. A superconducting magnet 
perhaps? Such a system (Fig. 6.3) would use a magnetic field to repel cosmic rays, 
but the problem is that the magnetic field would present certain health risks.

So what other shielding solutions are out there? Well, before we discuss these, 
it’s important to have a reference for what exactly engineers are up against. We’ll 
begin with the legal limit for those working in nuclear power plants. That number 
happens to be 5 rems per year. A Mars astronaut by comparison would be exposed 
to 80 rems per year, and the consequences of that exposure would be that one in ten 
male interplanetary astronauts would die from cancer. Many more would suffer 
from radiation-induced cataracts and brain damage [6]. And that’s a best case sce-
nario, because it isn’t just cosmic rays that inflict damage. Every once in a while, the 
Sun unleashes huge bursts of heavy nuclei that travel at close to light speed. These 
bursts, which can deliver more than a 100 rem/h, are, quite simply, a death sentence 
for any unshielded astronaut in deep space.

�Water as a Radiation Shield

So what about those options mentioned earlier? Before considering the use of water 
(Figs. 6.4 and 6.5) (astronauts need this, so it makes sense to use it as a shielding 
material) as a shielding material we need to perform some basic calculations. First, 
we need to know how much shielding material it takes to protect an astronaut.

Water as a Radiation Shield
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Fig. 6.3  NASA has a 158-page report on superconducting radiation shielding. Magnetic fields 
with 10 T and 10 m thick could deflect about 93% of the radiation—in theory. (Image courtesy of 
NASA)
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If we wanted to provide an interplanetary astronaut with the same shielding as on 
Earth it would take one kilogram of water per square centimeter. But, since astronauts 
are willing to accept risk, let’s give them less—and more affordable—protection and 
have them make do with just 500 g of water per square centimeter. That amount of 
shielding is equivalent to you living at an altitude of 5500 m. Now for the sake of sim-
plicity, let’s make our spacecraft a sphere. To protect our crew with water, the walls of 
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this spherical vehicle would need to be 5 m thick and would weigh about 500 tons. Back 
in the old days, the space shuttle could ferry around 30 tons into LEO. The Space Launch 
System? About 130 tons in its most powerful lift configuration.

So 500 tons is too heavy. But what if the engineers reduced the amount of water 
and increased the hydrogen content of the spacecraft walls (Fig. 6.5)? They could do 
this by using polyethylene and perhaps bring the weight down to 400 tons. That just 
isn’t financially feasible, so let’s consider the other option mentioned—magnetic 
shielding.

�Magnetic Shielding

This is yet another exotic shielding option promoted by the Mars evangelists. 
‘Shielding?’ they say. Let’s use magnetic shielding [7]. Problem solved! Well, no, 
the problem is not solved because this method of shielding hasn’t moved far beyond 
the PowerPoint phase of development, and there are good reasons for this. Earth is 
surrounded by a magnetic field that does a great job deflecting incoming charged 
particles, so it would seem reasonable to assume—unless you happen to be a parti-
cle physicist—a spacecraft could carry a magnet to do the same. The problem 
involves those cosmic rays. They have tremendous kinetic energy, and trying to 
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bring them to a standstill in the space of just a couple of meters requires energy the 
likes of which might be achievable in the world of Star Trek but in the real world is 
not. That’s because it would require a magnetic field of 20 T to stop cosmic rays, 
and 20 T is about 600,000 times the strength of Earth’s magnetic field. How would 
humans endure living in a magnetic field of 20 T and what would the long-term 
effects be? Volunteers form a line here please! But, the Mars evangelists insist, it 
might be possible to use a second magnet to cancel out the field effect of the first 
magnet. Such a system, its proponents argue, could use plasma to push away the 
magnetic field of the first. But the problem with plasma is that is very unstable, and 
even if it could be controlled, the nuances of how plasma behaves in a magnetic field 
(Fig. 6.6) would mean the field would be weakened, not strengthened.

�Electrical Shielding

So, water is too expensive and the magnetic option is too tricky—and downright 
dangerous. What about electrical fields? In this application, the spacecraft would be 
charged electrically…with 2 billion volts! Such a charge would, in theory, repel 
cosmic ray protons. The problem is that space—even deep space—is not empty. 

Fig. 6.6  An artistic representation of an active, magnetic, toroidal shield used for protecting astro-
nauts from astroparticles during deep space missions. (Image courtesy of Giorgina Colleoni & 
Valerio Calvelli European Commission)
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Even in deep space there are ions and electrons flying around, and these negatively 
charged electrons would be attracted by a spacecraft that is positively charged [8]. 
Let’s not forget that this spacecraft would have an electric field that would extend 
tens of thousands of kilometers away from the vehicle. Such a huge electric field 
would draw in electrons from a huge volume of space, and when those electrons hit 
the walls of the spacecraft they would act just like the cosmic rays the shield was 
designed to repel! The electrons would generate gamma rays as soon as they hit the 
vehicle, and the intensity of this barrage would be so great that it would put the 
original headache in the shade. And what about those 2 billion volts? Does anyone 
have any idea of what sort of system could generate such a current? Two billion 
volts is 2000 MW, which is about the same amount of power generated by your 
average power plant. How do you fit such a system on an interplanetary spacecraft? 
The answers to these questions are few and far between, but it doesn’t seem to have 
discouraged the grant providers who seem to continue to throw money at the idea.

�Linear Energy Transfer and Relative Biological Effectiveness

One process that is key to understanding which materials make the best shields is 
how radiation interacts with the spacecraft and the occupants inside. That is because 
radiation does not simply pass through the walls of a spacecraft, just like it does not 
simply pass through the bodies of the astronauts. Radiation interacts. And as it 
interacts (see boxed texts later), the energy of all that ionizing radiation is disrupted, 
and the size of the particles reduced [9–12]. Which is a good thing. The problem is 
that the disruption causes the heavy charged particles—the primary radiation—to 
disintegrate into smaller particles—secondary radiation—and it is these smaller 
particles that cause biological damage in the crew.

Now you might think the solution would be to conduct research that mimics this 
interactive process, but that is not what research does. Instead, almost all research 
studies that simulate the effect of galactic cosmic rays (GCRs) do so by exposing 
animals to heavy-ion accelerators to simply replicate the dose a human crew might be 
exposed to during an interplanetary mission. But this method does not provide a true 
model of what happens in deep space because it is very difficult to replicate the 
myriad energies of disrupted GCRs and even more difficult to measure the extent to 
which these energies inhibit cell regrowth and tissue repair mechanisms. Furthermore, 
different animals respond differently to radiation. Some are more susceptible and 
some less sensitive to radiation damage. And finally, the current technology of heavy-
ion accelerators is limiting in terms of accurately reproducing the ions in the GCR 
spectrum [13].

So what other metrics can be applied to simulate the effects of GCRs? Well, one 
way is to apply the metric of linear energy transfer, or LET (see boxed material). 
LET is used to measure the amount of tissue damage caused by radiation and to 
determine radiation protection and risk assessment. This metric is used in conjunc-
tion with the measure of relative biological effectiveness (RBE), which is applied to 
the effect of different types of radiation. In essence, the higher the RBE for a 
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specific type of radiation, the more damaging that radiation is per unit of energy 
when it is absorbed by human tissues. Several studies utilizing LET and RBE have 
been conducted over the years by measuring the LET spectrums using tissue equiva-
lent proportional counters, and plastic nuclear track detectors placed at different 
locations on board the ISS [14, 15].

Similar studies were conducted during NASA’s Exploration Flight Test (EFT-1), 
which studied the Orion (Fig.  6.7) Multi-Purpose Crew Vehicle (MPCV) during 
orbital flight. Although the 4-h EFT-1 flight was much shorter than 6-month ISS 
flights, the high apogee (5800 km) of the second orbit included a transit through the 
radiation-dense Van Allen Belts and also a brief excursion into the interplanetary 
environment. Radiation detectors were activated shortly after lift-off and collected 
radiation data for the duration of the flight.

Fig. 6.7  Orion. (Image courtesy of NASA)

Spallation
When highly charged particles penetrate shielding or astronauts, they do so in 
a straight path to begin with. But shortly after penetrating matter, those heavy 
ions begin to disperse as they collide with atoms in the shielding and/or the 
astronauts. As the path of the heavy ions is disrupted, energy is dissipated, but 
at the same time smaller nuclei are generated in a process called spallation. 
The degree to which energy is dissipated is largely determined by the proper-
ties of the material through which the heavy particles are traveling. Generally, 
energy loss increases with decreasing atomic number, which is why hydrogen 
is such an effective shielding material. Scientists can calculate the stopping 
power of a material by determining the energy lost per unit path length that the 
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�Utility and Applications of LET

Today, heavy-ion accelerators are used to expose animals to the entire projected 
radiation dose for an interplanetary mission. But these single-ion and heavy-ion 
exposures do not accurately simulate the highly complex dose rate or the energetic 
dispersion of GCRs, and therefore do not accurately model the multi-organ toxicity 
of such radiation.

So what can scientists do to replicate the effect of GCRs in a ground-based ana-
log? Well, NASA has suggested building a GCR simulator that will generate more 
LET data points, but that will only be one step of several that will be needed. 
Radiation engineer Pellish says: “Ultimately, the solution to radiation will have to 
be a combination of things. Some of the solutions are technology we have already, 
like hydrogen-rich materials, but some of it will necessarily be cutting edge con-
cepts that we haven’t even thought of yet.”

�Polyethylene as a Shielding Material

One candidate for radiation shielding is polyethylene (Fig. 6.8), a plastic that is also 
found in water bottles. By virtue of its high hydrogen content [8] and the fact that it 
is very cheap, this material also offers other advantages when it comes to protecting 

particles travel. This number is the LET, which is a metric that quantifies how 
much energy is lost as the heavy ions transit material. But stopping power isn’t 
everything when it comes to choosing a shielding material. A good shielding 
material should not only stop as many of the high-energy particles as possible 
but also limit the amount of fragmentation as much as possible. Polymers tend 
to be good candidate shield materials because they have a high hydrogen con-
tent and also stop more low-energy particles than most other materials. But the 
choice of the material is just one consideration. The next decision is how thick 
the material should be. This is important because the LET of the heaviest 
nuclei has such penetrating energy that they can travel deep through a material 
before any measurable energy loss. It is therefore important that the shielding 
material is designed in such a way that spallation is limited and energy loss is 
maximized. This is very difficult to do because the data on fluence of particles 
in deep space is limited (one application that is used to calculate this is the 
Monte Carlo particle transport simulation software PHITS). Even with 
advanced simulation software such as PHITS, reliable and accurate predic-
tions of how well a shield will function is very difficult. This is because of the 
lack of data from deep space and the difficulty in predicting how neutron prop-
agation (which is highly sporadic) occurs in biological tissue.

6  Shielding
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astronauts from radiation. For example, plastic-like materials such as polyethylene 
cause much less secondary radiation than traditional materials such as aluminum. 
Since polyethylene isn’t the most versatile material when it comes to building 
spacecraft, it has been adapted to a stronger and lighter material: RXF1. Created by 
Raj Kaul, RXF1 is derived from polyethyene, but since it is a fabric it can be shaped 
into whatever is needed.

�Hydrogenated Boron Nitride Nanotubes

Although polyethylene has been shown to be effective at dispersing heavy ions, 
stopping protons, and slowing down neutrons (which form as secondary radiation), 
it is not a structural material, although RXF1 may have some potential in that appli-
cation. But there is another hydrogen-based material that might do both jobs [16–
18]. Hydrogenated boron nitride nanotubes (Fig. 6.9), also known as hydrogenated 
BNNTs, comprise nanotubes constructed of carbon, boron, nitrogen and hydrogen. 
In addition to absorbing secondary neutrons and stopping protons, the hydrogenated 
BNNT material is so flexible that spacesuits could be made of it. Oren Milstein, 
CEO of StemRad, says, “This product will enable human deep space exploration. 
Our breakthrough has come in creating the architecture of the multi-layered shield 
to accurately cover the most important organs.”

Fig. 6.8  Dr. Raj Kaul examines “bricks” of radiation shielding material made in his composites 
laboratory at NASA’s Marshall Space Flight Center in Huntsville, AL. Kaul has investigated the 
effectiveness of material used to shield spacecraft from radiation. (Image courtesy of NASA/
MSFC/Doug Stoffer)

Hydrogenated Boron Nitride Nanotubes
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�AstroRad Radiation Shield

Another passive means of protecting astronauts is a vest being developed by Israeli 
researchers. Dubbed the AstroRad Radiation Shield, the vest is being produced by 
StemRad, a company based in Tel Aviv. The vest (Fig. 6.10), which will be custom-
ized for each crewmember, is designed to protect vital organs. To test the concept, 
the vest will be ‘worn’ by a phantom torso that will measure radiation absorption. 
Another phantom torso will be flown that will be unprotected.

Fig. 6.9  BNNT. (Image courtesy of NASA) (see also Appendix C)

Fig. 6.10  Stemrad’s radiation shielding concept—the Astrorad. (Image courtesy of NASA)

6  Shielding
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Chapter 7
Acute Radiation Sickness

The risk of a crew suffering from acute radiation syndrome (ARS) has been identi-
fied as a significant threat during future exploration class missions [1, 2] (Fig. 7.1). 
The syndrome includes symptoms that occur within hours to days following expo-
sure to radiation (Table 7.1).

ARS is comprised of several health effects that occur within 24  h of being 
exposed to high levels of ionizing radiation [3]. Astronauts being exposed to the 
levels that result in ARS will suffer profound and potentially deadly symptoms, as 
cellular degradation occurs due to damage to DNA and other cell structures. 
Depending on the severity of the dose, symptoms may present within one hour of 
exposure. If the exposure is relatively mild, symptoms will include nausea, vomit-
ing, falling blood counts and an increased susceptibility to infection. At this level of 
exposure the crew will probably recover, and the mission will remain intact. But if 
crewmembers are exposed to high levels of exposure symptoms may include neuro-
logical effects and ultimately death (Table 7.2). Another scenario is if the crew is 
exposed to several months or years of moderate levels of radiation, in which case 
there is the risk of succumbing to chronic radiation syndrome [4, 5] (Fig. 7.2).

�Signs and Symptoms

ARS (Fig. 7.3) is divided into three syndromes, each of which is outlined here. In 
some cases these syndromes may be preceded by a prodrome, which is an early sign 
that indicates the onset of a syndrome of disease. In each syndrome the rate at which 
symptoms present is a function of radiation exposure—generally, the greater the 
dose, the shorter the delay between onset of symptoms. Also, for each syndrome to 
occur, the tissues specific to the body system must be exposed. For example, for the 
gastrointestinal syndrome to occur, the tissues of the gastrointestinal system must 
have been exposed to radiation.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74615-9_7&domain=pdf
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Fig. 7.1  Radiation effects (Image courtesy of Go Flight Medicine)

Table 7.1  Acute radiation sickness symptoms and mortalitya

Phase Symptoms
Whole-body absorbed dose (in Gy)
1–2 Gy 2–6 Gy 6–8 Gy 8–30 Gy >30 Gy

Immediate Nausea/vomiting 5–50% 50–100% 75–100% 90–100% 100%
Time of onset 2–6 h 1–2 h 10–60 mins <10 mins Minutes
Duration <24 h 24–48 h <48 h <48 h Death in 

<48 h
Diarrhea None None to 

mild
Heavy Heavy 

(>95%)
100%

Time of onset 3–8 h 1–3 h <1 h <1 h
Headache Slight Mild to 

moderate
Moderate Severe 100%

Time of onset 4–24 h 3–4 h 1–2 h <1 h
Fever None Moderate 

increase
Moderate 
to severe

Severe 100%

Time of onset 1–3 <1 h <1 h 1 h
CNS Function No 

impairment
Cognitive 
impairment
6–20 h

Cognitive 
impairment
>24 h

Rapid 
incapacitation

Seizures, 
tremors, 
ataxia

Latent period
Illness Mild to 

moderate 
leukopenia, 
fatigue

Moderate 
to severe 
leukopenia, 
infections
Alopecia

Severe 
leukopenia
Fever
Vomiting
Dizziness

Nausea
Vomiting
High fever
Electrolyte 
imbalance

Patients 
die in 
less than 
48 h

Mortality Without care (%) 0–5 5–95 95–100 99–100 100
With care (%) 0–5 5–50 50–100 100 100
Death 6–8 weeks 4–6 weeks 2–4 weeks 2 days to 

2 weeks
1–2 days

aMerck Manual. Radiation Exposure and Contamination, by Jerrold T. Bushberg, PhD, DABMP, 
Clinical Professor, Radiology and Radiation Oncology, and Director of Health Physics Program, 
School of Medicine, University of California, Davis
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Table 7.2  Required conditions for acute radiation syndrome (ARS)a

1. The radiation dose must be large (i.e., greater than 0.7 Gy)
2. Mild symptoms may be observed with doses as low as 0.3 Gy
3. The dose usually must be external
4. The radiation must be penetrating (i.e., able to reach the internal organs)
5. High energy X-rays, gamma rays, and neutrons are penetrating radiations
6. The entire body (or a significant portion of it) must have received the dose
7. The dose must have been delivered in a short time (usually a matter of minutes)
8. Fractionated doses are often used in radiation therapy. These are large total doses delivered 
in small daily amounts over a period of time

aAdapted from: Centers for Disease Control and Prevention http://emergency.cdc.gov/radiation/
ars.asp

Bone marrow replacement, 
platelet and blood element 
replacement, prevention of 
infection

Fluid and Electrolyte Therapy

1. Adapted from Nuclear Terrorism by D. E. Hogan, T.Kellison

Increasing Radiation Dose – Increasing Mortality

Hematopoietic
Infection
Sepsis

Neurovascular
Irreversible Cellular Damage

Gastrointestinal
Fluid and Electrolyte Balance

Fig. 7.2  Spectrum of radiation sickness. Adapted from Nuclear Terrorism by D.  E. Hogan, 
T. Kellison

�Hematopoietic Syndrome

A part of ARS is the hematopoietic syndrome (Fig. 7.4) that results from radiation 
doses that may be encountered during exposure to a solar particle event (SPE). The 
hematopoietic syndrome is characterized by a reduction in the number of blood 
cells, a process that occurs as a result of radiation-induced cell killing. An excess 
reduction in the number of blood cells may be accompanied by a reduction in stem 
cells in the bone marrow that may ultimately lead to bone marrow failure [6, 7]. The 
magnitude of blood cell counts is one means of assessing radiation dose, which in 
turn can be used to determine therapy and a prognosis. A crewmember suffering 

Signs and Symptoms
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from this syndrome will be very susceptible to infections due to a significant drop 
in white blood cells. The problem will be exacerbated by bleeding that will result in 
a reduction in platelets and consequent anemia.

�Gastrointestinal Syndrome

A crew absorbing a dose of 6–30 Gy will suffer nausea, vomiting and excruciating 
abdominal pain, all symptoms consistent with gastrointestinal syndrome (Fig. 7.4). 
Even with access to bone marrow transplantation, survival is unlikely. A crew exposed 
to this level of radiation will most probably die due to secondary infection [8].

�Neurovascular Syndrome

Symptoms of this syndrome (Fig. 7.4) occur in those exposed to more than 30 Gy, 
although in susceptible individuals 10 Gy may be enough to trigger symptoms. At 
this very high level of exposure symptoms such as dizziness and unconsciousness 
present within minutes or hours. Death follows shortly thereafter [8].

�Genetic Damage

The high radiation doses that cause ARS also cause damage to DNA, and if DNA 
cannot be repaired chromosomal abnormalities occur. The process of DNA damage 
follows a set sequence of events. First, radiation causes clusters of DNA damage, 
which results in the loss of nucleobases. Nucleobases are biological compounds that 

Fig. 7.3  High doses of radiation can cause browning of skin, known as a “nuclear tan”. If radia-
tion exposure is particularly high, the result is first or second degree burns that may be accompa-
nied by dry or wet desquamation. If the radiation very intense, third of fourth degree burns may 
occur, accompanied by wet ulcerated lesions and eventual necrotic dermatitis. (Image courtesy of 
Virinchi Hospitals)
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form nucleosides, which are a component part of nucleotides. Together, nucleobases, 
nucleosides and nucleotides form the building blocks of nucleic acids, and it is the 
ability of the nucleobases to form base pairs that result in the helical structures that 
are ribonucleic acid and deoxyribonucleic acid—DNA. But if the nucleobases can-
not form base pairs, these helical structures cannot form, and the backbone of the 
genetic structure is compromised [2]. Although single-strand breaks can be relatively 
easy to repair, double-strand breaks (Fig. 7.5) are more difficult to put back together.

Although repair processes within DNA occur naturally, it is the clustered dam-
age unique to radiation that is especially harmful (see boxed text). That is because 

Fig. 7.4  Effects of ARS. (Image courtesy of IAEA)

Fig. 7.5  High radiation 
doses will inevitably lead 
to genetic damage. (Image 
courtesy of NASA)

Genetic Damage
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clustered damage results in lesions, and this type of damage takes much longer to 
repair than isolated breaks. And the greater and more intense the radiation the more 
extensive the number of lesions and the less likely this damage is repairable. And 
when the damage cannot be repaired the result is usually a phenotype manifested as 
a mutation of death of a cell or cells. Although somatic mutations will not be passed 
on from a parent, these types of mutations do cause alterations within cells and, 
depending on what stage that cell is in its mitotic cycle, the alterations may be rep-
licated, resulting in a cascade effect that may ultimately result in cell death [3].

Predicting Acute Radiation Symptoms
To predict acute radiation symptoms, the whole-body absorbed dose is used, and 
this metric is measured in Gy1 (the SI unit symbol is Gy). But what does this 
mean? Here is an example. Imagine if a Mars-bound crew was exposed to a 
major solar flare event and a crewmember was subjected to 10 Gy. If 25% of this 
astronaut’s bone marrow mass was irradiated then the absorbed dose for the bone 
marrow would be 2.5 Gy. But, because bone marrow is comprised of just four 
percent of the body mass, this astronaut’s whole-body dose would be 0.25 Gy.

1 The Gray (G) is the absorption of one joule of radiation per kilogram of matter.

�Management

There have been no controlled studies of treating humans for ARS. Treatments and 
recommendations such as the administration of antibiotics, blood products, and 
stem cell transplant are based on animal research, but only the first of these treat-
ments would be available on an interplanetary spacecraft.

�Deterministic and Stochastic Effects

In the event of the crew being exposed to a radiation event the crew medical officer 
(CMO) would determine the lethality of the radiation exposure. This would be calcu-
lated by measuring the dose rate and the distance from the source of radiation. From 
this information an estimation of the lethal dose (LD) at 60 days could be made. For 
example, the LD50/60 is the dose of radiation required to result in death in sixty days. 
Without supportive care, the LD at sixty days is about 4 Gy, between 4.5 and 7 Gy 
when antibiotics and treatment is available, and between 7 and 9 Gy for patients with 
immediate access to intensive care units and cell transplants. For exposures exceed-
ing 10 Gy, no survival is possible [9, 10]. As part of the assessment of radiation 
exposure, the CMO would calculate the deterministic effect and the stochastic effect.

7  Acute Radiation Sickness
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Deterministic effects, which are also referred to as non-stochastic effects, are the 
cause and effect associations between radiation and specific side effects. The thresh-
old for deterministic effects may vary from person to person; for some people, the 
threshold may be low and for others the threshold may be high. Some examples of 
deterministic effects given as the absorbed dose are presented in Table 7.3.

Stochastic effects represent the outcome of exposure to radiation. For example, 
one stochastic effect is radiation-induced carcinogenesis. To calculate an individu-
al’s stochastic risk it is necessary to apply the radiation dose to the individual’s age. 
But there is no clear linear relationship between the amount of the dose and the 
severity of the effect. So, while the risk of cancer increases with the dose of radia-
tion, the outcome of being exposed to that dose has no bearing on the severity of the 
effects; the exposed individual will either develop cancer or not.

�Stages of Acute Radiation Syndrome

An estimate of an individual’s dose can be determined by the use of body dosime-
ters (see Chap. 5). The dose is calculated as the whole-body dose or a significant 
partial-body irradiation, but the symptoms of ARS are related to the whole-body 
dose. Acute symptoms are expected following exposures to doses greater than 1 
Gray if these doses have been delivered in a short period of time (minutes). This 
dose will then determine the symptoms for each of the four stages of ARS.

�Prodromal Stage

The signature symptoms for this stage include nausea, vomiting and diarrhea. These 
symptoms will occur from minutes to days after the exposure [9–11]. Symptoms 
may last for several days. If an individual has been exposed to a lethal dose exceed-
ing 2 Gy, symptom onset will occur within two hours, whereas if the dose is between 
10 to 20 Gy, symptoms will occur within minutes.

Table 7.3  Deterministic 
effects

Effects Dose (Gy)

Skin erythema 2–5a

Irreversible skin damage 20–40
Sterility 2–3
Cataracts 5
Lethality 3–5

a1 rad = 0.01 Gy. 1 rem = 0.01 Sv

Stages of Acute Radiation Syndrome
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�Latent Stage

In this stage, patients will appear healthy for a period that may last a few hours or 
may extend to a few weeks.

In the manifest illness stage, symptoms will be syndrome specific (Table 7.4) and 
will last for hours or months. Recovery may take several weeks, months or extend to 
up to 2 years. Those who do not recover typically die within months of exposure.

Table 7.4  Radiation effects

Syndrome Dose Prodromal stage Latent stage
Manifest illness 
stage Recovery

Hematopoietic 
(bone marrow)

>0.7 Gy 
(mild 
symptoms 
may occur 
as low as 
0.3 Gy)

Symptoms are 
anorexia, nausea 
and vomiting.
Onset occurs 1 h 
to 2 days after 
exposure
Stage lasts for 
minutes to days

Stem cells in 
bone marrow 
die, although 
patient may 
appear well
Stage lasts 
1–6 weeks

Symptoms are 
anorexia and 
fever
Drop in blood 
cell counts over 
several weeks
Primary cause of 
death is infection 
and hemorrhage. 
Survival 
decreases with 
increasing dose

In most cases, 
bone marrow 
cells begin to 
repopulate the 
marrow
Should be full 
recovery for 
most individuals 
from a few 
weeks up to 
2 year after 
exposure
Death may 
occur in some 
individuals at 
1.2 Gy
LD50/60 is 
about 2.5–5 Gy

Gastrointestinal 
(GI)

>10 Gy 
(some 
symptoms 
may occur 
as low as 
6 Gy)

Symptoms are 
anorexia, severe 
nausea, vomiting, 
and diarrhea
Onset occurs 
within a few hour 
after exposure
Stage lasts about 
2 day

Stem cells in 
bone marrow 
and cells 
lining GI tract 
die. Patient 
may feel well
Stage lasts 
<1 week

Symptoms are 
malaise, 
anorexia, severe 
diarrhea, fever, 
and electrolyte 
imbalance
Death is due to 
infection, & 
electrolyte 
imbalance
Death occurs 
within 2 week of 
exposure

LD100 is about 
10 Gy

Cardiovascular 
(CV)/central 
nervous system 
(CNS)

>50 Gy 
(some 
symptoms 
may occur 
as low as 
20 Gy)

Symptoms are 
extreme 
confusion, severe 
nausea, vomiting, 
loss of 
consciousness
Onset occurs 
within mins of 
exposure
Stage lasts for 
minutes to hours

Patient may 
return to 
partial 
functionality
Stage may 
last for hours

Symptoms are 
return of 
diarrhea, 
convulsions, and 
coma
Onset occurs 
5–6 h after 
exposure
Death occurs 
within 3 days of 
exposure

No recovery 
expected
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�Dealing with ARS in Deep Space

ARS is comprised of a series of severe injuries that occur after the whole body or a 
significantly large part of the body has been exposed to a high dose of radiation. It 
is a type of injury that affects all organs to some degree, although the extent of the 
injury depends on the intensity and magnitude of the ionizing radiation. How an 
individual responds to such an exposure will depend to some degree on that person’s 
radiosensitivity. But regardless of an individual’s sensitivity, a crew being exposed 
to a high dose (see Appendices 1 and 2 of this book) of ionizing radiation will be 
subject to the clinical components of ARS with its various syndromes. Management 
of these syndromes, which is discussed in Chap. 8, will be far beyond the capabili-
ties of any spacecraft currently being designed for interplanetary missions. A crew 
suffering from intermediate to high-dose radiation (between 4 and 10 Gy) will need 
urgent hematopoietic stem cell transplantation (HSCT), a procedure that is difficult 
enough in an advanced health care facility, never mind inside the claustrophobic 
confines of a spacecraft (Fig. 7.6).

Fig. 7.6  Yuri Gidzenko in the ISS Leonardo Module. (Image courtesy of NASA)

Dealing with ARS in Deep Space
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Chapter 8
Treating Acute Radiation Syndrome

A crew exposed to a high dose of ionizing radiation will fall into three categories: 
(1) those who recover with minor medical intervention, (2) those who require high-
level medical care (such as bone marrow stem cell transplantation), and (3) those 
triaged for palliative care [1, 2]. In reality, given the lack of medical supplies, the 
second group will fall into the third category. In such an event (see boxed text), the 
crew medical officer (CMO) will need to remove external contamination, estimate 
the radiation dose (Table 8.1), and administer fluids and electrolytes (Figs. 8.1 and 
8.2). That is assuming the CMO is not one of those who falls into the second or third 
category! After 48 h, a second patient scoring will be conducted, and documentation 
of therapeutic management and organ failure will be performed.

Radiation conditions continued to deteriorate. I summoned my starpom, Captain Lieutenant 
Yenin, to the cockpit and authorized him to give the entire crew 100-g servings of liquor. I 
knew that under the influence of alcohol (which is also a narcotic) the cells of the body are 
less susceptible to radiation; in other words, resistance to external irritants goes up...
On the strength of my experience of an accident in Obninsk, when an operator had dosed 
himself up on liquor before going to work on a reactor core and radiation had not affected 
him, I authorized this measure. (K-19, p. 134.)

The K-19 Incident
K-19 (Fig. 8.3) was a first generation Russian nuclear Hotel-class submarine 
equipped with R-13 submarine-launched ballistic missiles. Although not a 
spacecraft, life on board a nuclear submarine is often used as an analog of life 
on board a spacecraft. In an effort to catch up with the U. S. lead in nuclear 
submarine technology, K-19 was built in a rush and was plagued with mis-
haps. Ten workers died on the ship before the submarine was even launched. 
Then, on its maiden voyage in July 1961, K-19 narrowly avoided a nuclear 
meltdown when the coolant system failed. Predictably, the reactor tempera-
ture rose uncontrollably, forcing Zatayev, the commander, to order his crew to 
construct a makeshift coolant system.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74615-9_8&domain=pdf
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Table 8.1  ARS sub-syndromes at dose thresholds

Radiation dose Signs and symptoms Time: exposure to presentation

5 rem Chromosome aberrations first seen 30 min
12 rem Reduction in sperm count 42 days
0.75 Gy Lymphocyte depletion 6 h
1 Gy Nausea, vomiting 6 h, then 5–7 day
1–6 Gy Hematopoietic syndrome 1–6 h
3 Gy Temporary epilation 14 days
6 Gy Erythema 6–48 h, then 2–3 week
6 Gy Pneumonitis 4–6 week
6 Gy Pulmonary syndrome 1–6 month
6–8 Gy Gastrointestinal syndrome 3–4 day
9–10 Gy Death Days to weeks
>10 Gy Neurovascular syndrome Hours to days

Fig. 8.1  Phases of radiation injury (Image courtesy of the Annals of Internal Medicine)
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Fig. 8.2  Saline solution. 
(Image courtesy of Healthy 
Healthcare Corporation)

Fig. 8.3  K-19. (Open source image. Military Clips)
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This job required crewmembers to work in a high radiation environment for extended peri-
ods. Although the makeshift system reduced the temperature in the reactor, the entire crew 
had been exposed to high levels of radiation, eight of whom sustained doses of more than 
5000 rems. All eight crewmembers (Table 8.2) died within three weeks of the incident from 
severe radiation sickness.

�Treating Hematopoietic Syndrome

This ARS syndrome is normally seen at doses in excess of 1 Gy [3]. Classic signs 
and symptoms are usually observed after one of two weeks following exposure, 
although evidence of damage can be seen in the blood cell count after just a few 
days. For example, lymphocytes decrease within 12–24 h following exposure, and 
with higher doses, within 6–12 h. The rate at which lymphocytes (Fig. 8.4) decrease 
is helpful to the physician, as it can help guide treatment [4].

In terms of severity, mild injury is considered to occur when a patient has been 
exposed to between 1 and 2 Gy, moderate injury between 2 and 4 Gy, and severe 
injury between 4 to 6 Gy. Very severe injury occurs beyond 6 Gy. For the CMO, 
treatment will be partly determined by lymphocyte depletion kinetics as depicted in 
the Andrews curves in Fig. 8.4.

Since red blood cells (RBCs) are more resistant to radiation than the precursor 
cells, there will be no requirement for blood infusions unless this is needed to sup-
port oxygen delivery due to blood loss (from other trauma, for example) [5, 6]. But, 
if the crewmember was exposed to more than 2 Gy, administration of prophylactic 
antimicrobial drugs may be required. And in the case of a crewmember suffering 
profound neutropenia, stem cell transplantation will be the only option [7, 8]. But, 
since this option will not be supported by the medical capabilities on board an inter-
planetary spacecraft, palliative care will be the only option.1

1 In reality, palliative care will not be an option. Without stem cell transplantation, a crewmember 
will not survive. Rather than use life support consumables, the only viable option for this crew-
member would be voluntary euthanization.

Table 8.2  K-19 crewmember 
fatalities

Name Sv Date of death

Lt B. Korchilov 54 10 July 1961
Chief B. Ryzhikov 8.6 25 July 1961
Starshina 1st class Y. Ordochkin 11 10 July 1961
Starshina 2nd class, E. Kashenkov 10 10 July 1961
Seaman S. Penkov 10 18 July 1961
Seaman N. Savkin 11 13 July 1961
Seaman V. Charitonov 11 15 July 1961
Captain Y. Povstyev 7.5 22 July 1961

aSievert is equal to 100  rem (roentgen equivalent man) 
K-19 The widowmaker: The Secret Story of the Soviet 
Nuclear Submarine. Huchthausen P
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Fig. 8.4  Andrews curves. These curves describe the pattern of lymphocyte response in relation to 
dose. (Image courtesy of NASA)

In crewmembers who have suffered high levels of ionizing radiation, hematopoi-
etic stem cell transplantation (HSCT) is the only possible medical intervention. On 
Earth, HCST (Fig. 8.5) is complicated by factors such as radiation-induced bone 
marrow failure, which determines the homogeneity of radiation exposure (some 
marrow-containing parts of the body might have been minimally irradiated thanks 
to shielding). Physicians making the call on whether to commence HCST also have 
to consider myriad other factors such as antibiotics and antivirals, barrier isolation, 
cytokine therapy, wound closure, isolation rooms, and rigorous environmental con-
trol. None of these considerations can be managed on an interplanetary spaceship.

At best, the interplanetary CMO might be able to offer meaningful treatment to 
those crewmembers who have suffered low levels of exposure (<1 Gy), but beyond 
this, treatments are the preserve of fully-fledged medical facilities. For example, 
erythropoietin (EPO) anemia therapy is a candidate therapy for those who have 
been exposed to 2 or 3 Gy, but this therapy can only be performed in a hospital set-
ting. Similarly, granulocyte colony-stimulating factor (G-CSF) and cytokine ther-
apy2 are viable treatments [9] for those who have received a whole-body dose of 
3 Gy, but such treatments could not be administered with the limited medical facili-
ties on board our interplanetary spacecraft.

2 Patients diagnosed with severe neutropenia would be candidates for being treated with the follow-
ing cytokines: Filgrastim at 2.5–5 μg/kg/day subcutaneously; Sargramostim at 5–10 μg/kg/day 
subcutaneously, and Pegfilgrastim at 6 mg subcutaneously.

Treating Hematopoietic Syndrome
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�Treating Gastrointestinal Syndrome

Classic signs and symptoms of this ARS syndrome, which include nausea and vom-
iting, are usually seen at doses in excess of 5 Gy [10]. These signs and symptoms 
are caused primarily by the disruption of the mechanism of replacing intestinal 
epithelial stem cells found in the gastrointestinal microvilli. Under normal condi-
tions these stem cells mature and are replaced, but following exposure or ionizing 
radiation, disorganization occurs and this results in malabsorption, dehydration, 
bleeding, fluid and electrolyte imbalance, and renal failure. In common with the 
hematopoietic syndrome, the gastrointestinal syndrome is characterized by faster 
onset of symptoms the higher the dose of ionizing radiation. Treatment may include 
administration of fluoroquinolone two to four days after exposure, digestive decon-
tamination, and, for exposures greater than 2 Gy, enteral nutrition and proton pump 
inhibitors [11].

�Treating Neurovascular Syndrome

The signs and symptoms associated with this syndrome begin early and at low expo-
sure levels, although the classic signs and symptoms are observed at exposures 
greater than 10 Gy. As with the previous two syndromes, the severity of signs and 
symptoms is dependent on dose. Those who have been exposed to 10 Gy or more 
generally don’t survive more than a few days following exposure. Symptoms 
include nausea, vomiting, lethargy, cognitive dysfunction, ataxia, seizures, cerebral 
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Fig. 8.5  Human stem cell transplantation. (Open source image from the Encyclopedia Britannica)
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edema, and hypotension, although those who have suffered doses higher than 10 Gy 
may die before all signs and symptoms present. Treatment includes mannitol, furo-
semide, and analgesics [11].

�General Treatment

One of the general risks to patients following acute exposure to ionizing radiation is 
increased susceptibility to local and systemic infection. To reduce this risk, treat-
ments include administration of antivirals such as fluoroquinolone [1]. For those 
patients suffering fever and neutropenia, the administration of broad spectrum pro-
phylactic antimicrobials is a standard treatment that, if the neutropenic duration is 
extended, can be combined with intravenous monotherapy with meropenem or imi-
penem. Given the extremely limited medical resources on board it is unlikely these 
treatment options will be available to the crew.

�Chief Medical Officer’s Response to Radiologic Incident

The CMO’s first task will be to estimate the radiation dose, as it is this metric that 
guides patient treatment. Studies performed by NASA have assessed radiation dose 
dependence for specific symptoms. For example, it has been found that an exposure 
of 1.08  Gy is required to produce a 50% incidence of anorexia, an exposure of 
1.58 Gy for nausea, and 2.4 Gy for vomiting. These studies have also quantified the 
time it takes for various symptoms to appear at specific doses. These metrics are 
particularly useful to an interplanetary crew, which will have no other methods of 
testing available. Once these metrics have been analyzed, the CMO will need to 
perform serial blood cell counts to determine white blood cell differentials, a metric 
that can be used to determine lymphocyte depletion.

In the first stage of the hematopoietic syndrome, neutrophils usually increase in 
response to the initial stress on the hematological system caused by the ionizing radia-
tion. At the same time, lymphocytes decrease, and it is the ratio between the number of 
neutrophils and the number of lymphocytes that is useful to determine initial treatment. 
In addition to measuring the time it takes for an affected crewmember to start vomiting 
and analyzing lymphocyte depletion the CMO might, if the equipment is available, 
perform a cytogenetic dicentric assay [9]. This test, which is a criterion standard for 
biodosimetry, provides information about radiation-induced chromosomal aberrations. 
The only problem with this test is that it relies on using lymphocytes, and at exposure 
levels exceeding 5 Gy there will not be enough lymphocytes to perform the test. Another 
test that assesses genetic damage is the micronuclei formation assessment, a test that 
measures the formation of micronuclei caused by ionizing radiation. These extra micro-
nuclei are caused by breaks in the chromosome, which provides an indication of the 
extent of the genetic damage [12].

Chief Medical Officer’s Response to Radiologic Incident
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�The Reality of Treating ARS on a Spacecraft

Direct medical management of ARS will only be possible with access to laboratory 
diagnostics, since these are needed to determine the extent and magnitude of injury 
and illness. Serial blood work with differentials, serum amylase data, and cytoge-
netic biodosimetry are just a few of the diagnostics required for physicians to make 
an accurate diagnosis and prognosis and to manage injuries correctly. Even if these 
diagnostics were available it is unlikely symptomatic care—fluids, antiemetics, 
blood products, analgesics—could be provided to any crewmember except those 
who had suffered the lowest of low exposures.
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Chapter 9
Pharmacological Countermeasures

Space agencies conduct radiation research because astronauts are exposed to chronic 
doses of radiation. But during long duration missions beyond LEO there is a real 
danger that crews may be exposed to acute doses that may lead to acute radiation 
syndrome (ARS). To be prepared for such missions, space agencies must be pre-
pared to anticipate radiation exposures and be able to deal with the consequences 
[1–4]. One way to do this is to implement a radiation medical countermeasures 
(Figs. 9.1 and 9.2) program that would cover products used following a radiological 
emergency.

�Radiation Injury and Repair

One of the major targets for radiation is DNA, since it is a macromolecule, but a 
more abundant molecule is water, a key component of which is oxygen. The pres-
ence of oxygen is important because molecular oxygen is key to the formation of 
reactive free radicals, which means that in areas of high concentrations of oxygen, 
the effects of radiation are increased. Conversely, in areas of low oxygen concentra-
tion, tissues and cells are protected thanks to hypoxia. Of all the free radicals, the 
hydroxyl radical is one of the most damaging. One of the structures this free radical 
damages is DNA, a key structure for cell survival [5]. The hydroxyl radical, together 
with other oxidative radicals, are responsible for double-strand breaks (DSBs) and 
base lesions. Although the body goes to work repairing the damage, the process is 
not always successful since if two base lesions on opposite strands are too close, a 
double-strand break may occur [6]. This mechanism is known as the DNA damage 
response (DDR), and it is a process affected by the radiation dose, the type of radia-
tion and the amount of tissue exposed to that radiation. The damaged DNA material 
is repaired thanks to the action of key proteins (MRE11, RAD50 and NBS1), which 
determine the damage before binding the broken DNA strands together in a process 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-74615-9_9&domain=pdf
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Fig. 9.1  StemRad—a possible way of protecting deep space astronauts from radiation (Image 
courtesy of NASA/StemRad)

Fig. 9.2  NASA’s radiation mitigation approaches. (Image courtesy of NASA)
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that can proceed along two pathways. One of these pathways is homology-directed 
repair (HDR), which is a process that results in no errors. The other pathway is non-
homologous end joining (NHEJ), which is a process that results in sequence dele-
tions. If cells are not repaired successfully, genomic instability can be the result, 
which in turn can result in mutations and carcinogenesis. The extent of the muta-
tions and the degree of risk of carcinogenesis will depend on the type of tissue, the 
radiation dose and the amount of tissue exposed to radiation [5]. How these muta-
tions may occur is not fully understood, but it is probably a result of damage to 
progenitor cells, blood vessels and persistent oxidative stress. An extra risk is 
repeated exposure to radiation, which is definitely something deep space astronauts 
will be exposed to. In this case, repeated inflammation will be the result, which will 
lead to fibrosis and increased DNA damage, with possible outcomes being death, or 
at the very least permanent tissue damage [6].

�Candidate Radioprotectors

Radioprotectors are compounds that can be considered as a pre-emptive medical 
countermeasure since they protect against radiation injury and the effects of ioniz-
ing radiation only when administered before any radiation exposure. This is differ-
ent than a mitigator, which protects against radiation injury after exposure to 
radiation. Research that studies radioprotectors and mitigators usually investigate 
the effects of acute total-body irradiation (TBI) in rats. Although TBI affects several 
organ systems, death in the first 30 days, whether in rats or humans, is usually the 
result of two mechanisms (see Chap. 8):

	1.	 Gastrointestinal Syndrome
Death within 10–12 days after exposure of 8–20 Gy usually as a result of 

fluid and electrolyte imbalance and sepsis. In someone who is suffering from 
this syndrome, the fluid and electrolyte imbalance is caused by a depletion of 
intestinal stem cells, which are killed by the radiation in a process known as 
apoptosis [7].

	2.	 Hematopoietic Syndrome
Death within 30 days after exposure to 3–8 Gy, usually as a result of neutro-

penia and thrombocytopenia. In someone suffering from this syndrome, neutro-
penia and thrombocytopenia is caused by the depletion of radiosensitive 
hematopoietic progenitor cells for white blood cells [8].

To improve survival rates in astronauts who may be exposed to very high levels 
of radiation it is necessary to develop a radioprotector and mitigator that can protect 
against these syndromes. Ideally, such a compound should have a convenient mode 
of delivery and have low toxicity.

Candidate Radioprotectors
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�Amifostine

Unfortunately there are no radioprotectors or mitigators that have been approved for 
use in humans for preventing or treating the effects of acute radiation exposure. One 
agent used to reduce the toxicity of radiation therapy is Amifostine (Ethyol®), previ-
ously known as WR-2721 [9–11]. Developed by the U. S. Army Anti-Radiation 
Drug Development Program, Amifostine works thanks to a thiol compound that 
scavenges free radicals, thereby reducing the levels of oxidative radicals. Although 
it has been shown in studies in rats that Amifostine has some radioprotective effect, 
there are a number of limitations that include:

	1.	 Narrow time window of administration. To have a radioprotective effect, 
Amifostine must be administered within 15–30 min before radiation exposure.

	2.	 It has only been tested intravenously, although other routes may be possible.
	3.	 Side effects. These include vomiting, nausea and hypotension [12, 13]. Not ideal 

for a crew of astronauts, although perhaps better than suffering the effects of 
acute radiation syndrome.

�Superoxide Dismutase

Superoxide dismutase (SOD) has been subject to investigation for the transgene’s 
ability to protect tissues against injury following radiation exposure. In mouse mod-
els, administration of this transgene did confer some protection against ulceration, 
and in mice that were fed a diet rich in antioxidants and administered SOD, lifes-
pans were increased.

�Genistein and Captopril

Genistein is a soy isoflavone that has been used as an anti-cancer agent [14–16]. It 
works by protecting bone marrow progenitor cells and reducing inflammation in 
tissues [17, 18]. Captopril, meanwhile, was originally developed to treat hyperten-
sion, but has since been investigated as a potential radiation countermeasure for the 
pulmonary and hematopoietic systems [19, 20]. How Captopril (Fig. 9.3) works is 
not completely understood, but research has shown that it blocks radiation-induced 
hematopoietic syndrome and reduces inflammation.

�DBIBB

DBIBB was first highlighted following a study by Gábor Tigyi published in 
Chemistry and Biology in 2015 [21]. In Tigyi’s study, DBIBB was shown to increase 
survival in mice exposed to radiation even after treatment had been administered 
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three days after exposure. In previous research, Dr. Tigyi and his colleagues had 
discovered that a molecule (lysophosphatidic acid, or LPA) generated during blood 
clotting, activates a receptor (called LPA2) that protects against cell death caused by 
radiation. In this research scientists had also identified a compound similar to LPA 
that protected mice against radiation exposure. The problem with this compound 
was that it did not target the LPA2 receptor, and it was not potent enough to be used 
as a pharmacological countermeasure. So the researchers refined their study and 
engineered a more potent version of the LPA2 receptor and dubbed it DBIBB. They 
then tested this compound in a mouse study and found that DBIBB increased the 
survival of radiation-exposed cells and protected DNA. In the study the group of 
mice that were not treated with DBIBB had a 20% survival rate, whereas the mice 
treated with DBIBB had a 93% survival rate. The next step was to test DBIBB on 
human hematopoietic progenitor cells. These cells were subject to radiation before 
being treated with DBIBB. In this study DBIBB significantly increased the survival 
of the cells. Although the study was one of a kind the results suggested that DBIBB 
could be the first radiomitigator.

�Dietary Antioxidant Supplementation

Space radiation induces oxidative stress in cells, so it isn’t surprising that scientists 
have suggested that astronauts might combat the effects of this stress by taking 
antioxidants. Oxidative stress occurs when there is a greater amount of pro-oxidants 
(radiation is a pro-oxidant) than antioxidants, and it is hypothesized that the use of 
antioxidants might counteract this imbalance [22, 23]. Scientists supporting this 
hypothesis argue that given the level of oxidative stress astronauts will be exposed 
to during exploration class missions, their intake of antioxidant vitamins will need 
to be significantly higher than recommended dietary allowances (RDAs).

One study [24] that tested the ‘antioxidant as a radiation countermeasure’ 
hypothesis, investigated an antioxidant supplement that contained a concoction 
of  several antioxidant agents (ascorbic acid, co-enzyme Q10, α-lipoic acid, l-
Selenomethionine, N-acetyl cysteine and vitamin E succinate) that were expected to 

Fig. 9.3  Captopril. (Image courtesy of Legacy Pharmaceutical)
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reduce radiation-induced oxidative stress. The supplement was administered to 
mice at a weight basis equivalent to humans. One group of mice was then irradiated 
at the NASA Space Radiation Laboratory (NSRL) while another control group 
remained radiation free. Following their test both groups of mice were examined 
daily for 2 years for signs of toxicity such as ataxia, lack of grooming, weakness, 
anorexia, convulsions, twitching, tremors, bleeding, discharges, swelling, or labored 
respiration. Then, at the end of the 2-year period, the experimental and control 
groups were examined to measure any differences between the two groups. Since 
there were no statistically significant differences between the different diet groups, 
scientists were forced to conclude that antioxidant supplementation did not prevent 
the debilitating effects of radiation exposure. But there was some positive news 
because a more detailed analysis of the results revealed that antioxidant supplemen-
tation did prevent the more aggressive manifestations of radiation exposure such as 
malignant lymphomas and rare tumors.

�Nicotinamide Mononucleotide

Nicotinamide mononucleotide (NMN) is a much hyped anti-aging drug that has 
been developed by scientists in Australia and the United States. NMN works by 
promoting DNA repair and could therefore help protect astronauts from radiation. 
NMD works by increasing levels of the oxidized form of nicotinamide adenine 
dinucleotide (NAD+), a chemical that is present in cells. NAD+ works by regulating 
protein interactions that help repair DNA, which is why NAD+ supplements have 
been very popular, although there has been little evidence that supports them having 
any anti-aging effect. NMN on the other hand, works so well that the scientists who 
performed the research are thinking of taking the drug themselves. In these studies, 
mice that were fed NMN supplements lived 20 percent longer than mice who were 
not fed the supplement. Of course, human trials have to be conducted, and assuming 
those trials are successful, the drug will need to be approved by the U. S. Food and 
Drug Administration.

How does NMN work? Well, as we age, our body’s ability to repair itself becomes 
less and less efficient because the amount of NAD+ present in the cells declines and 
declines even more in those exposed to radiation. The theory is that if you can 
increase the amount of NAD+ in the cells you can enhance DNA repair. And the 
way you increase the amount of NAD+ in the cells is by adding a booster—NMN—
that enhances the ability of cells to repair DNA. In some studies that have tested this 
theory the NMN not only increased the cells’ ability to repair DNA but actually 
reversed existing genetic damage. And since it is predicted that about 5 percent of 
all the cells in an astronaut’s body will die during a round-trip to Mars, NMN has 
caught the attention of scientists searching for ways to protect crewmembers during 
these missions.
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�Granulocyte Colony Stimulating Factor

As discussed in the previous chapter, one part of acute radiation syndrome is hema-
topoietic syndrome. This syndrome is characterized by a drop in the number of 
blood cells. This means that there is a reduction in the number of neutrophils, which 
is important, as these cells represent the first line of immune defense; as the num-
bers of neutrophils fall the risk of infection increases [25, 26]. Neutrophils are pro-
duced in the bone marrow from hematopoietic stem cells (HSCs), which give rise to 
multipotent progenitors (MPPs). The MPPs divide into mature blood cells via pro-
cesses involving several regulators that are needed for maintaining homeostasis in 
the cells.

One of the key factors in the division, or differentiation, is granulocyte colony 
stimulating factor (G-CSF) [27]. Under normal conditions, most mature neutrophils 
stay in the bone marrow, and only 2% are released into the bloodstream as mature 
neutrophils. Once in the bloodstream, the differentiated neutrophils search for signs 
of infection, and if infection is detected, neutrophil chemoattractants are secreted, 
which trigger the production of G-CSF. (During infection, circulating neutrophils 
may increase by ten times the normal level.) But, as discussed earlier, when a person 
is exposed to high levels of ionizing radiation, neutrophil levels fall, resulting in 
neutropenia. Hypothetically, if it were possible to stimulate neutrophil levels by 
adding G-CSF, then perhaps neutropenia could be avoided and infection rates 
reduced. Such studies have been performed using pegfilgrastim (Neulasta®), which 
is a recombinant form of G-CSF, and filgrastim (Neupogen®) [27–29]. In one study, 
mice were irradiated to 2 Gy, and their neutrophil counts monitored for 30 days after 
exposure. Not surprisingly their neutrophil counts decreased significantly compared 
with the control group, which had not been irradiated. But when a second group of 
irradiated mice were administered filgrastim, the neutrophil counts returned to nor-
mal levels within two days. In another part of the study pegfilgrastim was adminis-
tered to a control group of unirradiated mice, a procedure that boosted neutrophil 
counts by 15 times. Whether these effects would be observed in astronauts exposed 
to organ doses of 2 Gy is unknown, but if filgrastim and pegfilgrastim can show 
similar effects in humans the compounds may represent a mild countermeasure to 
radiation exposure.

�Perspectives

Despite myriad research studies there are still no radioprotectors or mitigators avail-
able for long duration crews. There are some weak mitigators such as Vitamin E 
derivatives and there are compounds being tested on rodents that may be considered 
as weak radioprotectors, but none of these has been tested in human studies. So 
what are the characteristics of the ideal radioprotector/mitigator?

Granulocyte Colony Stimulating Factor
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	1.	 A weak radioprotector or mitigator is of little use for Mars-bound crews because 
of the ever present danger of solar particle events and the constant exposure to 
galactic cosmic radiation. A crew exposed to a high dose of radiation will need a 
radioprotector/mitigator capable of blocking radiation-induced mutagenesis and 
carcinogenesis [30, 31].

	2.	 These agents will need to be effective for the first 24 h (or longer) following 
exposure.

	3.	 They should have a convenient mode—intramuscular or subcutaneous—of 
administration.
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Chapter 10
Genetic Profiling and Manipulation

NASA plans to genetically modify astronauts so they can survive the journey to Mars.
– Dr. Douglas Terrier, Acting Chief Technologist at NASA

The prospect of humans one day visiting another planet has never seemed more 
possible than it has in recent years, but several more obstacles need to be overcome 
before this can become reality. Some people believe that incredible scientific dis-
coveries could be waiting on the Red Planet, and NASA has recently ramped up its 
efforts in hopes of sending astronauts there in the 2030s.

Cosmic radiation is one of the biggest problems those who visit Mars will face, 
and it comes not only from the Sun but also stellar explosions that occur far beyond 
our Solar System. Particle radiation in space can collide with nuclei in human tis-
sue, creating nuclear collisions that can create new particles and damage human cell 
DNA. Earth’s magnetic field generally protects us from these particles, but the 
astronauts headed for Mars could be exposed to them for years without protection.

Now NASA is mulling over several ways to deal with this challenge, including 
the use of drugs that will alter the astronauts’ DNA. They believe that this could 
help to repair any damage that is caused by the high-energy particles bombarding 
them when they visit the planet.

This approach was mentioned by Douglas Terrier, the agency’s Acting Chief 
Technologist, ahead of an appearance at the London Codex Innovation Summit. 
Armored suits and shielded plating have also been suggested as possibilities but are 
believed to be impractical. In addition, NASA is looking into the possibility of using 
artificial intelligence programs to diagnose diseases in space and even carry out 
robotic surgery.

However, they are also considering altering the DNA of astronauts through epi-
genetic modifications, which will change the way the body reads genes without 
affecting the underlying DNA. By altering the chemicals controlling the volume of 
genes, their activity can be amplified or muted as needed should something go 
wrong.
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Dr. Terrier told The Times, “We’re looking at a range of things. From drug thera-
pies, and those seem to be quite promising, to more extreme things like epigenetic 
modification all the way to manipulation.” (www.spacenews.com October 20, 2017. 
Isabelle Z.)

As we know, astronauts heading towards Mars will be facing myriad risks, chief 
among them being radiation. And one of the great uncertainties with such a mission 
is how much damage all that radiation will inflict. Perhaps shielding will help, per-
haps not. Perhaps a faster propulsion system will help astronauts travel to Mars in 
6 weeks rather than 6 months. The point is that scientists and mission planners need 
to look at every protective countermeasure on the table. And that may include genet-
ically modifying humans. Risky? Probably. But so is a trip to Mars.

Some people think that radiation will keep NASA from sending people to Mars, 
but that’s not the current situation. When we add the various mitigation techniques 
up, we are optimistic it will lead to a successful Mars mission with a healthy crew 
that will live a very long and productive life after they return to Earth, says Pat 
Troutman, NASA Human Exploration Strategic Analysis Lead (Fig. 10.1).

Troutman might be right, but the crew that does make that trip to Mars may not 
be baseline humans. The venerable space agency is doing its best to evaluate shield-
ing materials, develop spacesuits to protect astronauts against radiation, investigate 
pharmaceutical countermeasures, integrate radiation sensors into spacecraft, and 
enhance radiation forecasting. But even with these efforts, all the positive and 
upbeat optimism in the world may not be enough to protect crews from radiation. 
So, what do we do? Well, there are a few options. One might be to select radiation 
resistant crews—providing we can identify a gene that indicates whether a person is 
resistant to radiation. Another option is to send clones. Yet another option is to 
genetically engineer astronauts to be radiation resistant (Figs. 10.2, 10.3, and 10.4).

Fig. 10.1  Genetic 
manipulation may be one 
way of protecting future 
crews from radiation. 
(Image courtesy of NASA)
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Fig. 10.2  Radiation health risks. (Image courtesy of NASA)

Fig. 10.3  Manned Mars mission radiation risks. (Image courtesy of NASA)
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�The Gattaca Option

Gattaca1 is a classic 1997 film starring Ethan Hawke, Uma Thurman and Jude Law. 
The film is set in a time when children are conceived via genetic manipulation to 
make sure they have only the best hereditary traits. The focus of the film is Ethan 
Hawke’s character—Vincent Freeman—who was born outside of the eugenics pro-
gram, which means he has to overcome genetic discrimination to realize his dream 
of becoming an astronaut. If the application of eugenics to create only the best 
astronauts sounds a little too close to Huxley’s Brave New World, it is important to 
remember the novel foreshadowed many of the current technologies in reproductive 
science that we now take for granted. And while eugenics may conjure up dystopian 
visions, the term is derived from the Greek words ‘eu’ which means good, and 
‘genos,’ which means offspring.

One of the reasons the science has a bad rap is because of the way the Nazis 
applied the ideas of eugenics. But recent advances in genetic engineering have 
opened the door for those who would like to alter genetic structure, a process known 
as positive genetic engineering. For astronauts deployed on a Mars mission, positive 
genetic engineering may prove a lifesaver. And that technology may not be too far 

1 The title is based on the letters that represent the four nucleobases of DNA, G (guanine), A (ade-
nine), T (thymine) and C (cytosine).

Fig. 10.4  NASA’s radiation protection strategy. (Image courtesy of NASA)
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away. For example, in 2002, researchers inserted insulin-like growth factor 1 (IGF-
1) into the muscles of mice. This created the now familiar Schwarzenegger mice. In 
a similar study, scientists injected mice with the fat-burning protein PPAR-δ, a pro-
cedure that allowed mice to become endurance athletes. So why not manipulate the 
genes of astronauts so they can be more radiation resistant? Would it really be so 
bad if scientists tweaked the genes of future spacefarers so they wouldn’t have to 
worry about radiation?

�Extremophiles

If scientists are going to upgrade astronauts to be radiation resistant they will need 
to find radiation resistant genes. Fortunately, there are several organisms that have 
evolved mechanisms to ensure genetic integrity even in the face of extreme radia-
tion. This class of organisms are known as extremophiles.

�Deinococcus radiodurans

One such extremophile is Deinococcus radiodurans, a bacterium that can survive 
extreme levels of ionizing radiation [1–3]. Before we take a closer look, it is worth 
reviewing the effects of ionizing radiation on genetic material. The first type of 
damage is direct damage. This occurs when DNA absorbs ionizing radiation, which 
in turn leads to single and double strand breaks (DSBs). Indirect damage, on the 
other hand, occurs when reactive oxygen species (ROS)2 interact with DNA. For 
example, hydroxyl radicals, a type of ROS, can be formed when ionizing radiation 
is absorbed by water [4]. Under these circumstances, hydroxyl radicals can cause 
single strand breaks (SSBs) and when two of these SSBs are close together there is 
the risk of a DSB forming. And it is the DSB breaks that are so damaging because 
they put a stop to DNA replication and are very difficult to repair.

Having said that, the body can repair DSBs, and it can do this by using recombi-
national DNA repair and end joining. This repair capability varies, with some genes 
more able to repair than others, and scientists think that one of the keys to this capa-
bility is linked to cell survival after the exposure to ionizing radiation. To get a better 
idea of how this process works, scientists have studied radiation-resistant extremo-
philes such as Deinococus radiodurans, and these studies have found certain adap-
tations to genetic repair mechanisms [5, 6]. Unfortunately, due to the complexity of 
bacterial metabolism it has been difficult for scientists to isolate these mechanisms, 

2 ROS includes chemical species such as superoxides and hydroxyl radicals that are formed as a 
by-product of normal oxygen metabolism. The ROS play important roles in cell homeostasis, but 
during environmental stress, ROS levels are increased. This increase leads to cell damage, and it is 
this damage that is known as oxidative stress.

Extremophiles
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but research continues in an attempt to understand how these bacteria can survive 
lethal radiation. For example, Deinococus radiodurans can survive doses greater 
than 5 kGy, which is more than 1000 times the lethal dose for humans. How can the 
bacterium do this? Well, scientists think there are three mechanisms that can explain 
this level of radiation resistance. One is a specialized nucleoid structure that may 
accelerate genetic repair processes. A second is a greater capacity for repairing pro-
tein damage that would better protect DNA, and a third is a specialized pathway for 
DNA repair.

The details of this research are beyond the scope of this book. Suffice to say that 
extremophiles such as Deinococus radiodurans have a toolbox of genetic repair 
pathways, and these have evolved as an adaptive response to a harsh environment. 
So how did these bacteria acquire this radiation resistance? Well, in an attempt to 
answer that question, scientists bombarded radiation-sensitive bacteria with increas-
ingly high levels of radiation to see if and how populations adapted. They started by 
subjecting a population of radiation-sensitive bacteria to radiation levels (3000 Gy) 
high enough to kill 99% of the population [7]. This procedure was then repeated in 
four separately evolved populations. Scientists found that the bacteria evolved to 
resist the radiation by employing a pattern of genetic innovation that is comprised 
of three functional categories: DNA repair and replication, oxidative damage sup-
pression and cell wall biogenesis. A detailed explanation of the mechanisms 
involved in these adaptive processes is beyond the scope of this book, but it is worth 
briefly discussing two of them.

One key process scientists discovered was the malleability of bacterial DNA 
repair systems. Rather than just facilitate more efficient repair in one pathway, the 
bacteria adapted by facilitating multiple radiation resistance pathways [8, 9]. Another 
key to the evolution of these bacteria was the rapid speed of adaptation. This, com-
bined with the range of repair and recovery mechanisms conjured up by these bac-
teria, added up to the ability to acquire extreme resistance to radiation. In short, 
multiple pathways combined with multiple adaptations explain how bacteria such as 
Deinococus radiodurans can adapt its genes to be less vulnerable to radiation

�Omics

Omics describes a personalized medicine paradigm. Today’s astronauts undergo the 
most advanced medical selection imaginable, but they are not required to undergo 
phenotyping, metabolic network assessment or tests to see how radiation resistant 
they are. But that may soon change. That’s because personalized medicine—
Omics—may be one of the keys to protecting astronauts from radiation. Applied to 
manned spaceflight Omics would apply information about an astronaut’s genes in 
the context of that astronaut’s diet, lifestyle and environment with the goal of opti-
mizing safety and performance commensurate with mission demands [10]. 
Generally speaking, the Omics paradigm takes advantage of advances in genomics, 
transcriptomics, proteomics, metabolomics, medical treatment and bioinformatics 
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to better characterize individual profiles. Of these areas, it is genomics and medical 
treatment that is of interest to those charged with keeping astronauts safe from radi-
ation. In short, Omics is an applied systems biology approach to space biomedicine. 
The good news is that Omics is in use today. For example, doctors use diagnostic 
tests (Oncotype DX® and MammaPrint®) together with genetic information to 
decide how best to treat breast cancer. So how might Omics be applied to selecting/
screening astronauts? Well, to explain the scope of Omics as it might be applied to 
astronaut selection is beyond the scope of this publication, so what follows is a brief 
insight.

�One Carbon Metabolism Variation

One carbon metabolism is linked to genetic repair mechanisms, and therefore varia-
tions in one carbon metabolism directly affect how resistant an astronaut is to radia-
tion effects. One marker for this within the one carbon metabolism mechanism is 
uracil [11, 12]. If levels of this enzyme are too high the result is a higher likelihood 
of single-strand breaks. So Omics may be used to identify one carbon deficits and 
by so doing perhaps identify astronauts who have a higher or lower susceptibility to 
chromosomal damage. Incidentally such an approach may also help identify astro-
nauts more or less resistant to ocular disturbances and bone health [13–15] since 
variants in one carbon metabolism are linked to eye health and skeletal strength.

�HFE and Oxidative Stress

Another Omics application may be to measure iron parameters [16, 17] in the HFE 
(the hemochromatosis gene) group, since this may be related to oxidative stress, and 
that in turn is related to genetic repair mechanisms. As previously discussed we 
know genetic material is very sensitive to oxidative stress, and this stress can be 
triggered by exposure to iron. Studies that have investigated this link have done so 
in those suffering from hemochromatosis, which is a hereditary condition. Those 
who have hemochromatosis live with an iron overload that contributes to increased 
oxidative stress, so it would make sense to measure levels of HFE in astronauts to 
see if it might serve as a biomarker for oxidative stress.

�Micronutrients

Omics research has revealed that certain small molecules can exert a significant 
effect on the human response to spaceflight. These small molecules are given the 
term essential inputs, and this class of molecules can, depending on the astronaut’s 
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genotype, exert a significant effect on how that astronaut is affected by the environ-
ment. For example, niacin is involved in hundreds of metabolic reactions, including 
those affecting genomic stability, genetic repair and chromosomal damage. Likewise 
zinc plays an important role in protecting genetic material from damage and is also 
involved in DNA transcription, regulation and repair. In short, if an astronaut’s nia-
cin and zinc levels are too low they will be more susceptible to DNA damage.

Selenium is another essential input that may serve a protective purpose in pre-
venting genetic damage by enhancing the activity of repair enzymes [18, 19]. 
Magnesium also plays a role in maintaining the health of DNA. Specifically, mag-
nesium works as a cofactor for enzyme systems that assist in repairing DNA, mis-
match repair and nucleotide excision repair [20]. Mismatch repair is a mechanism 
that recognizes bases that have not been repaired properly. This mechanism also 
recognizes recombination between non-identical DNA sequences. When this mis-
match repair mechanism is working normally it helps to significantly lower the 
mutation frequency in the genome, but if an astronaut’s magnesium levels are too 
low the mismatch repair mechanism is impaired.

�Aggregation of Essential Inputs

One can easily see that the aggregation of one or more variants in essential inputs 
may have a pronounced effect on DNA health. For example, if an astronaut had an 
altered one carbon metabolism then he or she might be at a higher risk of unstable 
DNA or strand breaks. And if that same astronaut also had a magnesium deficiency 
then he or she would have an impaired efficiency to repair that damage. This sce-
nario is not too farfetched because altered iron metabolism has been shown to exist 
in the astronaut population. By applying Omics to astronauts with the purpose of 
identifying off-target influences and finding biomarkers that may limit the ability of 
astronauts to participate in missions, it will be possible to develop personalized 
countermeasures and also to profile the ideal genotype. Such an approach will result 
in the development of an individualized countermeasure program that is personal-
ized, preventive and predictive [21].
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